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WIND TUNNEL SIMULATION OF STORE JETTISON
WITH THE AID OF MAGNETIC ARTIFICIAL GRAVITY

by Timothy Stephens and Ronald Adams

Massachusetts Institute of Technology
Aerophysics Laboratory

1.0 INTRODUCTION

An important component of the problem of simulation of
store jettison by means of small scale drop tests in a wind
tunnel arises from the appearance of gravity in the scaling
relationships. Generally, for accurate reproduction of the
full scale trajectory, the ratio of gravity force to aerody-
namic force must be the same for the model as for the full
scale store (Reference 1l). When other necessary conditions
for simulation are imposed, it is generally found that a
greater than normal gravity is required for small scale models.

A basic method of providing the required increment of body
force corresponding to the "gravity" needed for such tests has
been proposed by Covert (Reference 2). This method involves
the use of magnet coils surrounding the wind tunnel test sec-
tion which interact with ferromagnetic material imbedded in
the model of the jettisonable store. In this manner, a
magnetic "artificial gravity" field is provided which is approxi-
mately uniform throughout the test section. It is feasible
to extend this method to provide control of the angulation of
the resultant "gravity" field, thereby allowing simulation of
diving or climbing attitudes.

Since a "magnetic artificial gravity" facility appears to
offer a solution to the difficulties encountered in conventional
store jettison test methods, a study was undertaken for the

design of such a facility.



2.0 SUMMARY OF PRESENT STUDY
Included in this study were the following items:

1.

Review of the scaling laws applicable to the wind tunnel
simulation of store jettison, in texrms of a controllable
artificial gravity field.
Definition of the design constraints involved in the
integration of the facility with a wind tunnel.
Development of a detailed performance analysis proce-
dure. The performance analysis is applicable to air-
core magnet systems and provides a detailed distribu-
tion of the strength and uniformity of the artificial
gravity field.
Establishment of a practical magnet configuration and
analysis of the magnetic performance of the configura-
tion.
Extension of the performance analysis procedure to
include the effects of residual nonuniformities in the
artificial gravity field on typical store trajectories.
This therefore provides an evaluation of the facility
in terms of the end use.
Exploration of the relative merits of iron-core and
air-core magnet configurations.
Determination of factors involved in the choice of the
mode of operation of the facility. The alternatives
considered are:
(A) Continuous operation of a normal (non-
superconducting) coil system,
(B) intermittent operation of a normal coil system,
and
(C) continuous operation of a superconducting coil
system.
The following are some of the factors involved:
(a) Since the store-dropping procedure is intermittent,
intermittent operation of ﬁhe magnets may be
feasible.



(b) Intermittent operation of the magnets reduces the
average power required to operate "normal" magnets.
This is beneficial for two reasons:

i) Reduces the coil cooling system requirements,
and

ii) reduces the cost of electrical power.

(c) In contrast to intermittent operation, it has been
determined that continuous operation of a normal
system would typically require approximately lO2
to 103 megawatts for a wind tunnel facility in the
3' to 4' size range. This is typically at least
one order of magnitude higher than the power
required to run the wind tunnel itself.

(d) Intermittant operation réquires relatively sophisti-
cated intermittent power supply systems, which
incorporate means of storing and controlling the
release of large quantities of electrical energy.

(e) Continuous operation of the magnet system is feas-
ible with the use of superconducting coils. 1In
this case, power costs are relatively small and the
power supplies need be of only modest capacity.

(f) Use of superconducting coils involves the use of
more elaborate and expensive materials and con-
struction techniques. The engineering of such
a system is more complicated, because additional
factors are involved:

i) Thermal design - The coils are immersed in a
triple-walled container of complex shape designed
to contain liquid helium, liguid nitrogen and
thermal insulation.

ii) Structural design - The magnet system must
support the self-induced magnetic stresses and
gravity forces, in a manner which is compatible
with the thermal design.



iii) Material selection - The superconducting material
that is selected must be capable of stable and
reliable superconducting operation at the maximum
design magnetic field levels.

(g) A superconducting facility will require a supply of
liquid helium and liquid nitrogen. This will either
be provided in batches and the "boiloff" discarded,
or by a closed cycle using a refrigeration system to
conserve the helium and nitrogen.

8. It has been determined that under certain conditions, it
is feasible to simulate multiple simultaneous store
launches in a facility of this kind. The main limita-
tions stem from errors introduced by the mutual
interaction of the stores. Since these magnetic
interaction forces vary inversely with the fourth power
of the separation between the centers of gravity, it may
be assumed that negligible perturbations to the trajec-
tories are incurred if the separation is large enough.
(Typically on the order of two store diameters.)

Under the current work, general specifications for magnetic
artificial gravity facilities are being considered for both
intermittent and continuous operation. It is necessary to
accumulate additional technical information, particularly in
the area of current design practice involving large multi-
component superconducting magnet systems, before it is possible
to make the selection between the intermittent operation (normal
conductor) case and the continuous operation (superconductor)
case. In view of the present uncertainty as to the mode of
operation, it appears premature at this time to attempt to
prepare detailed cost and time estimates for the design of a
facility for a medium-sized wind tunnel.

Since the emphasis of the present work has been on the
development of the basic design of the magnetic artificial
gravity facility, the detailed study of additional equipment

requirements has been deferred to a future time. Included in



this category are such items as cameras, timing units, strobo-
scopic flash units, etc., necessary to perform store jettison
tests in a transonic/supersonic wind tunnel. It is considered
that specification of such items at this point is premature;
however, it is expected that conventional wind tunnel store
jettison test technigques using such items may be employed with
the artificial gravity facility, and no important restrictions
on their use will be incurred because of any particular charac-

teristics of the facility itself.

3.0 SUMMARY OF SCALING LAWS FOR STORE JETTISON WITH ARTIFICIAL
GRAVITY

The follawing are relationships among the test conditions
occurring in the simulation of store. jettison and similar prob-
lems in the wind tunnel with the "free drop" method (References
1 - 4). The value of gravity, "gM", under the test conditions
is considered to be a variable to allow for a magnetic component
of body force.

1. Model and prototype are geometrically similar.

2. Mach number is the same for model and prototype.

i.e., MM = Mp (3.1)

3. Mass distribution is the same for model and prototype.

Kx Kx K K Kz KZ
ivee, (£9) = (59 1 (D) = (D) i (FD) = (7D (3.2)
M P M P M P
4. Ratio of aerodynamic acceleration to "gravitational"
acceleration is the same for model and prototype, at

geometrically similar points in the trajectory.

(p_)
s (L) (
jee., oM 5 T (q;M (3.3)
g Pgy M M q P
5. Induced angles of attack are the same for model and

prototype.

g L T
: M P M
i.e., — = —_ (3.4)

g LM Tp
(Assuming 2 and 4 hold)



6. Reynolds Number ratio (for air) (Reference 5):

(p.)
Re L s T 1.26
4 [=E] (3.5)

(p.) Ty

or, with conditions 3.1 - 3.5 satisfied,

(p.)

L [ T

M _ "M M p,0.26

i (o) [TM] (3.6)

T g
M_ p M
T T, 4 (3-7)
p P

Limits on Reynolds Number Scaling

Equation 3.6 illustrates a fundamental limitation to Reynolds
Number scaling due to the practical limits available for the
store density ratio (ps)M/(ps)p' and the temperature ratio TP/TM'
Since the Reynolds Number ratio is only weakly dependent on Tp/TM’
the strongest compensation for small scale factor is provided by
the store density ratio. However, it is not always feasible to
increase the density of the model store to such an extent as to
fully compensate for the scale factor (LM/LP), and produce full
scale Reynolds Number. In general therefore, the Reynolds Number

ratio will be related most strongly to the scale factor.

4,0 MAGNETIC FORCES AND ARTIFICIAL GRAVITY

The following is a summary of the relationships governing
the scaled gravity obtained by magnetic forces acting on a store
model containing ferromagnetic material.

The total body force acting on the store model is the sum
of the gravity and magnetic forces. In terms of the scaled
gravity SM, this is:

>

- -
Iv = 9 * Ipag (4.1)
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In terms of the dive angle, 0§, relative to the horizontal, the

magnetic gravity components are: (See Figs. la, b)
(Spag)z = 9u ©°S 6 ~ ¢ (4.2)
(gmag)x = 9y Sib 0 (4.3)
The "magnetic gravity" component, Emag' is given by
-5
= Fmag
g - g (4.4)
mag (ws)M
. + 3
The magnetic force component Fmag is:
F = (M- V)B (4.5)

mag
where M is the total magnetic moment of the magnetized material
imbedded in the store model and VB is the magnetic field

gradient tensor.

Magnetization of Model Core (Reference 6)

>
The magnetic moment M is given by

vma

+
+ —
M= 7 mdv ¥ m Vmag (4.6)
-

The average magnetization m, for "soft" magnetic materials
>
such as iron, can be related to the applied magnetic field B

as follows:

- M
_ _a X
m_ = ~ ) B (4.7)
a Vmag 1+ xDa a
m o= 2 = (—X—) B (4.8)
o Vag I+ XD’ “b
M
- _ c N X
M. =3 - (l + XD ) B (4.9)
mag c

Where X is the magnetic susceptibility of the material, the
factors Da’ Db’ Dc are the demagnetizing factors associated with
the three principal magnetic axes a, b, and c¢ of the ferro~-

magnetic body, and depend upon the external shape of the body,



=g
and Ba’ Bb' Bc are the a, b, c components of B.
The demagnetizing factors are related as follows:

D, + D, + D = 1 (4.10)

If the material is magnetically saturated, the relationship
between the applied field and the resultant magnetization is
more complicated and the components are no longer uncoupled.
For the special case of equal demagnetizing factors, however,

the magnetization components reduce to:

B B B
=3 a . - = b [} . /3 c
my, = |B| Msat? M = |Bl Moat? Mo |B| Msat (4.11)
where
|B| = /BaZ + B 2 + B 2 _ (4.12)

The average magnetization ﬁ, (and the magnetic moment ﬁ) are
thus parallel to the applied field B.

Torque—-Free Condition

4

In the particular case of interest, it is a requirement

that no extraneous torques be introduced by the magnetic field.
The magnetic tquue+Tmag is given by: (4.13)

Tmag = M x B
Ehus for %mag to be zero, it is necessary that M be parallel to
B. TFor unsaturated or saturated material, this condition is
satisfied if the three demagnetizing factors, Da’ Db’ and Dc
are equal, and the material possesses low rotational hysteresis
(Reference 7).

i.e., Tmag =0 if D, = Db = D, = 1/3

This condition is satisfied by a sphere, or other shapes such as

a cube or a short cylinder. For this case (D = D = D ), the
average magnetization component in the tunnel-fixed frame

m . my, m, are related directly to the field components Bx' By'
and Bz' without the necessity of a transformation involving the

attidude of the iron core relative to the tunnel.



i.e., for (Da = Db =D = 1/3)

C

i) Unsaturated core, 3|B|< M

sat
m = 3Bx; my = 3By; m, = 3BZ (4.14a,b,c)
ii) Saturated core, 3|B| > Moy
B B B
m = x . m . ﬁ{ = - ] m . -ﬁ = Z - m
My [B] sat’ 'y | B sat’ "z |B| sat
(4.15a,b,c)

Magnetic Force Components

The magnetic force components in the rectangular coordi-

nates (x,y,z), for equal demagnetizing factors (Da = Db = Dc),
*
are as follows:
FX BX B Bz
Vmag |B| XX |B| YX B
F Bx B Bz
L = K[>B +T-Y—rB + B_.] (4.17),
Vmag ]B] Xy B YY |B] zy
F B

Z

B B
X
= K[ B =TX-,—B + B, _] (4.18)
Vmag fBl ZZ B VZ |B| z2z"

The coefficient K has .the following values depending upon

the level of magnetization: (from Egs. 4.14, 15)

msat)

i) Unsaturated (|B| < 3

K = k. 3|B| (4.19)

*
The following notation is used to represent the gradient com-
ponents:
3B B
B = X , B = Q—E, etc.

XX - Xy 3y

10



Msat
ii) saturated (1Bl > )

K = kt'mSat (4.20)

Magnetic Field Gradient Interrelations

The gradient components of the stéady field B in free space
(or air) are related through Maxwell's Equations as follows:

+ =
Bxx Byy + B, 0 (4.21)

B.__=B._ _; B =B ; B =B (4.22)

Force Units

In order to use common units of measurement, a conversion
factor "kt“ is required in the force equation.

F
i.e., vﬂgﬂ =k M-VB (4.23)
mag

for F = pounds
M = kilogauss
B = kilogauss
VB = kilogauss/in.

V___ = (in)>
mag
k, = 1.14 (in-1b) (in) > (Kgauss)

Example

(a) Consider an iron sphere of diameter dmag = 1" having
a saturation magnetization Moy = 21 kilogauss (typical for iron),
immersed in a magnetic field Bz = 10 kilogauss, with a gradient
B = 0.1 kilogauss/in. The density P of the sphere is

zZ mag
0.280 lb/in3. Calculate the total magnetic force, and the force

per unit weight, on the sphere.

11



Since 3|B| > Ms the sphere is saturated, and

at’
Fz = Vmag kt Msat Bzz
3
= (n/6) (1)~ (Ll.4)(21) (0.1)
= 1,25 1b
Total magnetic force = 1.25 lb.
Weight of sphere, wmag = pmag Vmag
= (0.280X(n/6)13)
1.e.,wmag = 0.148 1b.

1.25g

Magnetic force/unit weight = Fz/wmag = 5148 = 8.45g

Thus, the total force (magnetic plus gravity) acting on the iron
sphere is 9.45 times the weight of the sphere, and with no addi-
tional mass, the sphere would be accelerated in the z-direction
(downwards) with 9.45 g's.

For a saturated iron sphere, the acceleration due to mag-

netic force is

w
|= 84(=") VB g (4.24)

| 9mag .

W
where WEEQ = ratio of magnetic mass to total mass of the store
]

model. g W
or VB = 0.019(59 - D) (4.25)
mag

4.1 FORCE FIELD UNIFORMITY

It is not possible to solve the equations relating the forces
and steady magnetic fields to find a magnetic field configuration
which produces a uniform force field over an extended three dimen-
sional region of space and also satisfies the equations relating
the field gradients to one another.

It is possible, however, to produce a magnetic force which
is uniform along a line. Two cases are discussed below:

Uniform Force on an Unsaturated Iron Sphere

Consider the Fz components along the z-axis, and assume that

12



i

at x = 0, y = 0, the gradient components Bx B. , B are zero.

vy’ "xz Yz
From Egs. (4.18,19) (unsaturated case)
Fz
assume 7 = kt3 Bz BZZ = const. (4.26)
mag .
. - 1/2
i.e. Bz = kl z (4.27)

It is feasible to produce a magnetic field distribution
approximately according to Eqg. (4.27) over a limited distance,
by means of an axisymmetric coil arrangement.

This field distribution is shown in Figure 2. The maximum
field strength is governed by the saturation of the sphere and
the usable range is limited by the practical problem of producing

the increasingly large gradient in the negative z-direction.

B;

}—— SATURATION
OF CORE

Z min Z max
Z ——

Figure 2. Distribution of Vertical Field Strength for Uniform

Vertical Force Along the Vertical Axis, for an
Unsaturated Ferromagnetic Sphere of High Permeability.

13



If it is assumed that the maximum practical gradient is twice
that corresponding to the peak (saturation limited) field,
Bz(max), then it can be shown that the usable range is given

by

=

max -~ %min _ % EEE%E———Y
zz T max
Example
The usable range of unsaturated operation for a typical
situation is calculated here. If Mmooy = 21 kilogauss, gravity

scale factor gM/g = 20, length scale factor LM/LP = 1/20, mass

ratio (ws/w ) = 2, prototype store length Lp = 100", then

mag
from Eq. (4.25)

BZZ = (0.0119) (20-1) (2)
= (0.452 kilogauss/in
max min.= (1/8) (0.457)

= 5.8 inches

but, model length L, = 5.0 inches.
Therefore, in this example, the maximum useful length of uniform~
force region is only slightly greater than the length of the
store model. Note that if all factors remain the same other
than the gravity and length scale factors, the ratio of the useful
range to store length is approximately constant.

Due to the severe limitations on the useful range of uniform
force inherent in this method (unsaturated core), this approach
was not pursued further. The following approach, which is based

upon a saturated core, was found to be more suitable.

Uniform Force on a Saturated Iron Sphere

Consider the F_ component at locations along the z-axis and

assume that at x = 0, y = 0 the gradient components Bx ’ sz,

are z 1 .
Byz ero, and By' Bz are also zero

14



From Egqs. (4.18,20) (saturated case)

F
z —
v - kt Msat Bzz (4.28)
mag
o —
0’0 B, = a; + az (4.29)
m
and B_ > sat
Z 3

Thus, the vertical magnetic field strength varies linearly with
vertical distance, and in the region of uniform force must be
greater than that required to saturate the sphere. This field
distribution is shown in Figure 3.

TUNNEL ¢
2:=0
[—> +2
BZ
82(0,0,0)—
Bz (max) = M
F sat
F z___, __sat
]Bzf""_’z_ Kt VmagMsat Bzut 3
KV magMsat
v 8 ='Msat
z 3
CEILING (Az), = USEFUL FLOOR
L )
OF WiND RANGE OF UNIFORM FORCE ~ FIOOR
TUNNEL [« (Az), - TUNNEL HEIGHT —> TUNNEL

Figure 3. Distribution of Vertical Field Strength for Uniform
Vertical Force Along the Vertical Axis, for a
Saturated Ferromagnetic Sphere.
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Examgle

The field requirements for saturated operation in a typical
situation are calculated here.

LM
M,y = 21 kilogauss; f; = 1/20
g w
M- o0, (ws ) = 2
g mag

Tunnel test section height (Az)t = 48"
Useful range of z, (Az)u = .75 (Az)t = 36"

From Eq. (4.25)

B,, = 0.452 kilogauss/in.
B, = 7.0 kilogauss @ z = -12"
B = 7.0 + (36)(0.452) = 23.3 kilogauss @ z = +24"

z
(floor of tunnel)

5.0 IRON-CORE MAGNET SYSTEMS

In the course of the preliminary layout and analysis of
possible magnet configurations, a decision was made to exclude
from further consideration systems employing iron or other
ferromagnetic material in the magnetic circuit. This decision
was based upon the following factors:

a) "Material effects," namely variations in magnetic
properties of the ferromagnetic material, would make
prediction and control of the magnetic force field
extremely difficult, since the material would be
partly or wholly saturated.

b) Since the required magnetic fields are well above the
saturation level of the best magnetic materials, and
the effective air gaps would be large, the use of iron
offers only marginal reduction in magnet power (or amp-
turn) requirements.

c) Geometrical considerations for this particular application

16



(for example, requirements of model visibility and space
for the wind tunnel test section) prevent the iron from
being used to advantage.

The performance of iron-core magnet systems with large air
gaps is difficult to analyze with accuracy; it is usually
necessary to build preliminary small-scale models and measure in
detail the magnetic field configurations for a range of magnet
currents.

Since it is possible, on the other hand, to analyze air-core
magnet systems in a straightforward manner by using methods of
linear superposition to obtain very accurate estimates of mag-
netic performance of arbitrary coil configurations, there
appeared to be no advantage in building small scale working
models of coil systems in the preliminary design evaluation phase.
In fact, the process of design optimization may be performed
gquite readily for air-core systems using purely analytical
methods.

For the reasons outlined above, no small scale working coil

system models were constructed.

6.0 SINGLE-AXIS, CONSTANT GRADIENT AIR-CORE COIL SYSTEM
The field configuration shown in Figure 3 can be produced
approximately by superposition of the field contributions from
four coaxial coils. (See Fig. 4.) The basic approach is as
follows:
(i) Two identical circular coils,coaxial with the z-axis, are
arranged symmetrically above and below the x-y plane and

spaced a distance 2z, apart. Each coil has N_ turns, and
o
both coils are in series electrically and connected such

that the current I, passes through the coils in the same
sense so as to produce a net vertical field BZ(O,O,O) at
the center of symmetry. If 2z, = Rz, such an arrangement
is known as a "Helmholtz pair," and by virtue of the par-
ticular choice of spacing, will produce a uniform B, field

over a large volume of space surrounding the center of

symmetry.

17



VERTICAL-GRADIENT -
OF-VERTICAL-FIELD
(Bzz) COILS

VERTICAL-AMBIENT
— Rz - FIELD (B;) COILS

Figure 4.

(v3)
P Vi =
Rz ——>]
- -x< G

WIND TUNNEL

Arrangement of Circular Coils to Provide a Vertical
Gradient of the Vertical Field and an Ambient
Vertical Field Along the Vertical Axis.

(ii) Added to the Helmholtz pair is a pair of "gradient

coils," of radius Rzz’ coaxial with the z-axis, and
arranged symmetrically above and below the x-y plane.
These coils are spaced a distance 2z,, apart. Each

coil has sz turns and both coils are in series
o
electrically, and are connected such that the upper

coil produces a negative Bz’ and the lower coil

produces a positive Bz. The net effect of these two

18



coils is a magnetic field which is zero'at the center

of symmetry, and which has a gradient B

/3- V-4’4

SR, this gradient is constant over

along the
z-axis. If z,, =
an appreciable distance.
Thus, the Helmholtz coils produce a uniform ambient verti-
cal field, and the gradient coils produce a uniform gradient
of the vertical field. This arrangement is analyzed quanti-
tatively below.
Analysis
1. Circular Coils
The vertical field B, on the z-axis due to the coil
arrangement shown in Figure 4 is:

N, I
U 4 2z z.- 2 Zz +z
= -2 ° x Ty 2y—3/2 Tx % ,=3/2
B,(0,0,2) = 5 { [+ ()7 +(1+ () °) ]
z z b4
N I
z2Z 2 2 - Z Z,. %2
(@) * % 2 "'3/2_ *k 2\ —3/2
o [(1 + (—————R ) <) (l+(—R——') ) 1}
z2z zZz ZZ
(6.1)
N I
3 z,'z 2,2 2\ ~5/2 Z4~2 z*+z 2. ~5/2 7. t2Z
Bzz(o'o’z)—fuo—R—l(l-'-(—ﬁ_) ) (=% )"(l'*'(—%—) ) ()1
Z z b z Z
3 szOIz Z,4"2 -5/2 2oy Z Z2,.,t2 5/2 Z.ext2
3. o Y _x* _xX vy«
Fou e [ (L4 () ) > S () + (L () 2) T )1
A4 zz Z2Z 44 ZZ
(6.2)
where Mo is the permeability of free space.
For the Helmholtz pair:
3B,
if =0@z=20; z, = Rz (6.3)
2,2
b4
For the gradient coils,
33B
z _ = 0; -3
if p =00 2z = 0; Z,y4 5 R, (6.4)
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2. Sqguare Coils
If the circular coils are replaced by square coils of

dimension 2Rz and 2RZz on a side, the field equations are:

4
NI
/2— 1 2—1/2 2_1
= 'Z 14 u? 1+u? 6.5
B, = "%y, §{)[(2J) (1+u2) ™) (6.5)
’
(i=z,2z,22,22)
1 -1/2 -1
) o= 1+zu? (1+u? ] (6.6)
z "z z -~z z* -z Z,, t Z
u, = ;o u, = ;o u, = XA . 4, = ————— (6.7)
1 RZ 2 RZ 3 RZz 4 RZZ
3B 4 N I 3(Bu.)
2o 3 22y, (6.8)
0z . T 3z
i, j=1
9Bu, 1 1/ —2.1 -3/ 1, 995
—d = - [2(1+% u?) (1+u2) " “+3 (1+- . 2) (1+u?) " Ju.—2
0z 2 Jj 9z
(6.9)
asz z
For =00 x,y,z2 = 0; R = 0.55 (6.10)
9z? z
B u
z 0.
and (o ) = — (6.11)
NZIZ7Rz ]
where NZIZ = total ampturns in z-coils
B3BZ Zn
and for =06 x,vy,2 = 0; R = 0.94 (6.12)
oz 3 XX
R u
and ( BozRyz ) = 0.81 EQ (6.13)
Noz z?
where NZZ 2z = total ampturns in zz-coils.
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Example:
As an example of the magnitudes involved, consider the

following case, which is an extension of the example on page 17.
Square coils: Z, = 30" R, = 54.6"

- u —_— t
Zan =. 42 R,, = 44.7"

B, = 13.42 kilogauss (@x3y,z=0)
BZZ(O,O,D) = 0.452 k.gauss/in.

From 6.11.
. | IJO

(12.42) (54.6) (II)

N I = —
(39.4in/m)(4Hx10 )

z 2z

6

= 4,31x10  (total ampturns in Helmholtz coils.)

And from Equation 6.13,

~lr‘lO NZZIZZ
BZZ(OIOIO) = 0.8.1].[— —R-Z:-

2
Bzz(o’O’O)Rzz

i.e. N I =
22 22

0.81"0/I

(0.452) (54.6)°
(0.81x4Tx10"° /1) (39.4)

10.5x106 (total ampturns in gradient coils.)
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7.0 COMBINED VERTICAL AND HORIZONTAL FORCES

In order to simulate store jettison from a diving
climbing aircraft, it is necessary to provide a magnetic
force component along the tunnel axis in addition to the
vertical component, as defined by Equations 24, 26. The axial
force component F_ can be provided by a set of four coils
coaxial with the x-axis and spaced symmetrically about the
center of symmetry of the z-coils. Thus, at the center of

symmetry, for a saturated iron sphere,

E B

X X
= =%k m B (7.1)
mag t sat IBI XX
Fz Bz
— = k. m B (7.2)
Vmag t sat |B| Z2Z
but, rom 4.21 Bxx(0,0,0) = KxxIxx-% KZZIZz (7.3)
B(000)=KI-;—KI (7.4)
zz ! zz2 zz 2 TXX XX *
and BX(O,O,O) = KxIx (7.5)
BZ(O,O,O) = KZIz (Kx,KZ,KXX,KZZ=const)
(7.6)
Fgl0.99 Falx ® 1 -Lx 1)
Vmag t sat (R I )2+ (K T )2)1/2 XXTXX 2 22722
XX z27z
(7.7)
-——-—————FZ(O'O'O) = k,m “2la (K. I _~-:x_ 1))
Vmag t sat((KxIx)2+(KzIZ)2)l/2 Z22 22 2 XX XX

(7.8)

From Equations (5.6, 5.7), it is seen that the maximum combined

magnetic force, F is obtained if the direction of the

mag'
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—AXIAL - GRADIENT-OF -
VERTICAL-GRADIENT- AXIAL -FIELD COILS
OF -VERTICAL-FIELD

colLS / Iyx
3]
! N\

VERTICAL-AMBIENT-
FIELD COILS
i
TUNNEL
L~ o A7 Ve % e
g B— 1 g~ "7
T\ (*)
z-'
® . [

7z

AXIAL-
AMBIENT- FIELD COILS

Figure 5.

Arrangement of Coils to Provide Combined Axial and
Vertical Forces.
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X- currents is opposite in sign to the direction of the z-
currents.

i.e.,

Ix _ I, . Txx - - 1s2

(=S =0 B o Rl (7.9,10)
This situation is shown schematically in Figure 5, in which
the x-currents have been chosen to be negative (i.e., the
x-field and x-field gradient coil in the positive x half-space
produce negative B, along the x-axis).

In addition to enhancing the strength of the resultant
force, it can be shown that the gradient component B is

reduced, as are the corresponding y-directed forces at locations
outside the y=0 plane.

8,0 FORCE FIELD NONUNIFORMITIES

Consider the force field &ue to a uniform vertical
gradient of the vertical field superimposed on a uniform
ambient vertical field, acting on a saturated iron sphere.

Assume that Bxy’ B. , B are negligible.

X2 VZ
Note that:
= _ 1 - . = - 1 . :
BXx = 5 Bzz = const ; BX = 5 Bzz X (8.1,2)
- -1 - . N .
yy = 5 BZZ = const ; By = 5 Bzz v (8.3,4)
Bz = BZO + Bzz'z. (8.5)
Then FX - Bx
= = k,m *B (7.1)
Vmag t sat |B| XX
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(8.6)
. . 2, 2.1/2
= ey B,) e L v 2y D T
mag Z0 Z0 Z0
2,.2,1/2
EZ = Bpz'¥Y Brz2 2 Bzz(x +y) -1/2
T = (kMoaeBr2) 78 [+ 5=—)" + =5 1
mag Z0 Z0 Z0
(8.7)
B (x2+y2)1/2
P z2
_Z Bzo 2
\/ (KifsatBzg) 11+ B .z )71 (8.8)
mag 1 4+ 322
B,o

The z-force is uniform along the z-axis. The X and y force
components are approximately proportional to the product of
the z-force and the x or y displacements. These forces thus
appear to be repulsive, away from the z-axis, and increasing
in strength with distance from the z-axis. Also, for a given
displacement from the z-axis, the x and y forces vary approxi-
mately inversely with z displacement, and likewise, they

vary approximately with the ambient field level, B, . Thus,
specifications of the desired degree of uniformity 8f the
force field will be directly reflected in the required level
of the ambient field.
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TABLE - Example of Off-Axis Forces, for B, = 12.42 kilogauss

B,, = 0.452 kilogauss/in. NormaliZed with Respect to
the Force at the Center of Symmetry, Fz
o
x y z F/F, (%) Fy/Fz (8) (A-F /F, ) (3)
[} o) o
0 0 0 0% 0% 0%
12" 0 0 +10.65% 0% +2.4%
12" 12" =-12" +18.5% +18.5% +12.2%
12" i2" 0 +10.17% +10.17% +4.7%
12" 12" +12" +7.4% +7.4% +2.3%
12" 12" +24" +5.8% +5.8% +1.4%

9.0 STABILITY OF SATURATION MAGNETIZATION

The magnetic force on a saturated body is proportional
to the saturation magnetization of the body. Thus, it is of
interest to examine the accuracy with which this quantity can
be estimated, and also the variation of this quantity under
the conditions experienced in the wind tunnel environment.

The most important effect on m is due to changes in

sat

temperature. If msat(Tref) is the saturation magnetization

measured at a reference temperature T the saturation

ref’

magnetization m (T) for iron at another temperature T is

sat
related to the Curie temperature Tc approximately as follows:

(Reference 7)

T y3/2
m__. (T) 1 - k(7)-
sat _ T,
c

where T, T absolute temperature

ref’ Tc
k

T

0.11 (empirical, for iron)
1870°R for iron
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The temperature coefficient of magnetization can be
written

8(msat) 1l 3 k(‘é:c)l/2
—f— = - (T ) & 31 1 (9.2)
oT sat ‘" ref Tc2 1 k(Tref)3/2
T
c

3m — [+ —
.. msat / Ty= 48ppm/°F @ T=T,..f

sat

=530°R(70°F.) for iron.

10.0 FIELD AND FORCE ANALYSIS OF ARBITRARY AIR-CORE COIL
CONF IGURATIONS

In the cases described above, each magnet coil has been
represented by a concentrated current element. This leads
to great simplification in the initial design and allows
promising configurations to be readily conceived and evaluated
approximately. However, in order to evaluate the force field
due to a magnet system composed of coils having large winding
buildup, over a large region of space, greater detail is
required in the analysis. In this case, it is most convenient
to use a digital computer, since the number of computation
steps in the evaluation procedure becomes very large.

In the analysis that has been developed for this applica-
tion, the magnet coils have been approximated by a series of
straight-line current elements. This choice was made since
it appeared at the outset that the most probable configuration,
to be compatible with a typical wind tunnel test section,
would involve square or rectangular coils.

The total magnetic field and field gradient components
at a point in space due to an array of current carrying
elements surrounded by a medium of uniform magnetic susceptibility
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can be evaluated by linear superposition of the effects of each
individual current element.

The magnetic force field on a ferromagnetic sphere is
calculated from the total field and field gradient components
using Equations (4.16-18).

The relations used in the computation of the magnetic
field, field gradient components, and the magnetic forces,
are outlined in Appendix A.

A computer program has been developed to provide a tabu-
lation of the maghetic field components, component derivatives,
and magnetic force components for a set of field positions.
This program is called "TABLE" and is described in detail in
Appendix B.

A computer program has been developed as an extension
of TABLE which provides a qualitative graphical display of
the distribution of the magnetic force field. This program

is called "PLOT" and is described in detail in Appendix C.

11.0 PRACTICAL COIL CONFIGURATIONS

A family of practical coil confidurations has been de-
veloped from the basic arrangement of Fidgure 5. An example
showing the basic elements and the proportions that are
expected to be typical of a magnetic artificial gravity facil-
ity is outlined in Figure 6.

In general, the wind tunnel test section structure will
most probably be of closed jet design. In the case of a porous-
wall transonic test section, designed to operate over a range
of Mach Number, the clearance between the inner and outer walls
must be larger than required for purely structural reasons,
since plenum volume must be provided, and provision must be
made for controlled mass removal from the plenum in order to

control the test section Mach Nﬁmber.
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The acquisition of store jettison data will most probably
be by photographic means. This requires at least one large
viewing window in the test section wall.

Access to the test section can be provided a short dis-
tance from the center of the test section.

The parent model support structure is supported itself by
the test section, and means must be provided for remote control
of the release of the store models, as in conventional facil-
ities.

Operations may call for sharing of the tunnel circuit with
other types of facilities, for example conventional force and
moment balance. This may dictate that the magnetic system be
removable without major disassembly. This would in turn require
that the test section be removable along with the magnet system,
as indicated in Figure 6.

11.1 ANALYSIS AND OPTIMIZATIéN OF COLL SYSTEMS
In order to analyze the coil geometry shown in Figure 6
in a systematic way, the configuration is defined in terms of
parameters and constraints. Such parameters and constraints
can be categorized as follows:
(2) Geometric parameters
These apply to a particular configuration, and are
dimensionless "shape factors" or length ratios sufficient
to define the shape of the configuration.
(b) Geometric constraints
These apply to a particular configuration, and define
limits to the geometric parameters imposed by mechanical’
interference. .
(c) Performance parameters
These apply to a particular configuration, and define
the relevant performance characteristics of the configu-

ration in terms of the geometric parameters, material
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parameters, and a characteristic linear dimension of the
configuration,
(d) Material parameters

These are related to the material and operating
temperature chosen for the coil conductor, and may be
contained in the performance parameters. -
(3) Cost-related parameters

Approximate cost factors can be estimated from the
geometric, performance, and material parametérs, for
some parts of the system.

11.2 GEOMETRIC PARAMETERS AND CONSTRAINTS

The coil geometry outlined in Figure 6 is shown in
greater detail in Figure 7 in which all relevant dimensions
are identified by symbols. The geometric parameters relating
these dimensions are defined below.

Geometric Parameters: (Square coils)

(a) Angles to winding centroids (in vertical plane
through x-axis)

boprdops 1o b,

By By
(b) Buildup factors 4y = g- P 0y = g (11.1.2)
(o) (o}
" \
X XX
B, = 5— i B .= 57 (11.3,4)
X Bl XX Bl
Y, Yoz
B, = 5 1 B_i= m— (11.5,6)
X B1 Z2 B2
(c) Internal radius ratios
Ty ‘ I, Loz
(=) i ) 5 )
o- o (o)
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Figure 7. Generalized Dimensions of Practical Air Core
Coil Configuration.
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(d) Mean~turn length parameters

Define 2jo

as the length of the mean turn (located

at the winding centroid) of a single j-coil.

Then,
I T Tx
by Axx no_ _ I 1
RO= po= 8[1+ T (1 Z) (-—R )1 (11.7)
O O ¢}
2 r

alB

_ 1 I, , 21 z
'R—O'— = 8[(l+2—)tan¢z - (l— Z-) (R - + ) )] (11.8)

(o]

2 r
Z2Z o ZZ 048
o _ 2 _ oo I 1 2722
RO = 8 [ (l+0Ll+2——) tand)zz (l I) (Ro + ) ]
' (11.9)
(e) Winding area parameters
Define Ajo as the area of a single j-coil.
Then
A
X, )
Tz = 0y 7By (11.10)
o
Box )
7 oy Byx {11.11)
o
AZO 2
Rz~ 0 B, (11.12)
o
Bz )
R02 = a, Bzz (11.13)
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Geometric Constraints (Square Coils)

a

1 < -
(a) o (Bx + BXX) __tan¢xx tan¢_
2(1+§—)
(Interference of x-~coil and xx coil) (11.13a)
r
z

—1

a, (B_+8__) + V2 {
1z zz Ro < tand)z -~ tan¢

a
1
2(1+§—)

(b)

22

(Interference of z~coil and xx-coil) (11.13b)

11.3 EFFECTS OF NON-ZERO WINDING CROSS~-SECTIONAL AREA

The magnetic field distribution from a system of coils
of non-zero cross sectional area is different from that due
to a similar system of concentrated current elements located
at the winding cross section centroids of the former system.
The analysis of the fields due to a system of coils of non-
zero cross—sectional area may be carried out by dividing each
coil cross-section. into zones and representing the current
flowing through each zone by a concentrated current element
located at the centroid of the zone. With the coil geometry
specified in terms of the parameters shown in Figure 7, it is
most convenient to determine the end-points of the current
elements using a computer program, since the number of elements
can become quite large. A program to accomplish this is out-
lined in Appendix D. In this program, the rounded coil
corners are approximated in the field computations by forty-

five degree bevels.

11.4 OPTIMIZATION OF ¢—-PARAMETERS FOR UNIFORM FORCE FIELD
A force-field-uniformity maximization procedure based
upon the analysis outlined above proceeds as follows: First,
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a set of buildup factors (a's and B's) are selected compatible
with a set of initial wvalues of the ¢'s chosen to provide
approximately uniform fields and gradients (i.e., o, = 29°,

¢xx = 43°, ¢Z = 61°, ¢zz = 47°) based upon single-current-

element square loops. The field property BX is computed at
the center of symmetry of the coil system, and at two points
on the x~axis (+Ax) and (~Ax) from the center of symmetry, due

to currents flowing only in the x~coils. The angle, ¢x' is

adjusted as follows:

(11.14)

r 0

are optimized as

z

Similarly, the other angles ¢xx’ ¢ .

follows:

¢xx(al’Bxx)opt+ BXX(+AX,0,O,EXX)+BXX(—AX,O,O,Ixx)=2BXX(O,O,O,Ixx)

(11.15)
¢z(a1,Bz)opt+ Bz(0,0,+AZ,IZ)+BZ(0,0,—AZ,IZ)=2BZ(O,O,O,Iz)

(11.16)
¢zz(a2’Bzz)0pt > BZZ(0,0,+Az,Izz)+BZZ(0,0,—Az,Izz)=2Bzz(O,O,O,IZZ)

(11.17)
So far, this adjustment procedure has been performed by
trial and error (not directly by the computer program); how-
ever, it is evidently a simple matter to implement this step
automatically by iteration. The variations in the values of
the optimum ¢'s are typically small, of the order of two or
three degrees, to achieve the maximum force field uniformity.
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11,5 PERFORMANCE PARAMETERS OF MAGNET SYSTEM

The performance of the magnet system can be defined in
terms of parameters relating the magnetic and electrical
properties of the system. Of interest are the following items:

(a) Magnetic performance parameters (le

These parameters relate the magnetic field properties
at the center of symmetry to the ampere—~turns in each coil
subsystem and are computed from the geometric parameters,

as defined below:

define: .
[BX(O,O,O)] ( ) (0 0, O)R o,
Q_= 11.18 —[ (11.19)
X (NxIx Ro) (NXXIXX/R )
B, (0,0,0) (0 0, O)R
—[ 1 (11.20) -[ ] (11.21)
_f7§— (szIzz/R )

(b) Electrical performance parameters.

These parameters relate the electrical properties of
the coil system to the geometric parameters, and the
material parameters. Included in this category are the
electrical resistance and self-inductance of each coil
subsystem, and the mutual inductance of coil subsystems
which are magnetically coupled.

(i) Resistance parameters. (Sj)

R R R R
g =2 X (11.22) s 0 XX (11.23)
X 2 XX 2
N N
X XX
RORZ RORZZ
SZ= P’ (11.24) SZZ='——;— (11.25)
N N
VA Z2

where Rx’ Rxx' etc. are the resistances of the x, xx, etc.

coil subsystem respectively, as described below.
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(ii) Self~inductance parameters.

L L

Ty™ —2 (11,26} T =X
R N2 X p N2
(o). 4 O XX
L I
= 22 {11,28) T, = 2z
2
RONZ RONZZ

Al mvameade msramena T oA

(T _.)

X1

(11,27)

(11.29)

where Lor Lggr etc. are the self-inductances of the x, xx,

etc, coil subsystems respectively, as described below.

(iii) Mutual-inductance parameter (ka/zz)
M
XX/22
W A (11.30)
xXx/22 RoNxxsz
where Mxx/zz is the mutual inductance between the xx coil

subsystem and the zz coil subsystem, as described below.

Due to the summetry of this particular coil configuration,

the xx and 2zz subsystems are the only pair with non-zero

net magnetic coupling.

Magnetic Performance Parameters

(1) Approximate Values

These may be estimated from the mean-turn geometry, with

acceptable accuracy for the purposes of preliminary analysis,

from Equations 6.11,13, as follows:

BX(O,O,O) LS

1
Q, = = = [ ]
X NXIX RO II al
14—
2
0 . BXX(O,O,O)Ro _ 0.8111o : 1 :
XX NxxIxx/Ro Il 0y
l+“§
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.Bz(Q,Q,Ol Q.SSpo 1
z7z! o I 1 1
+__
2
0 ) BZZ(O,O,OIRo _ 0.8111o . 1 ] (11.34)
ZZ N I /R i o }
zz zz’70 2
l+0Ll+2—'

(ii) Accurate Values

These may be calculated using the field analysis computer
program described in detail in Appendix B, in conjunction with
the current element location program detailed in Appendix D.

Resistance Parameters

The resistance parameter Sjo of a single coil "jo“ of

constant current density, of the configuration defined in Figure

7, can be estimated as follows:

R. R 0. R? 2.
Sip = L2 = ) &) (11.35)
njg p’jo “jo o

where Rjo = resistance of jo coil

ﬁj = average resist;vity of j-coil conductor material

*jo = length of mean turn of single coil (or controid
filament)

Kjo = tofal cross sectional area of single j-coil

(Fp)jo = average packing area factor of conductor (ratio of

conductor cross section to total winding cross
section)

njo = number of turns in single j coil

The resistivity ¥ depends upon the conductor material
and the operating temperature, the packing factor Fp depends
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upon the construction used, and the number of turns depends
upon the ‘desired impedance level. The remaining factors are
seen to be the reciprocal of the winding area parameter, and
the mean length parameter. (See Egs. 11.7-13).

For the particular configuration, Nj = 2njo, and the total
resistance parameters are:

37 *50
R R, R R,
s. =23 _ 17073 (11.36)
J N 2 2 n 2
J jo
i.e s, = ox_ _ 1 Px (I’m)( °2) (11.37)
° X N 2 2 (F) R A °
- p'x "o X0
- o 2
Nxx2 p’ xx o XXO
R R o 2. R?
oz 1 N 2 o
S = = (=) (—) (11.39)
Z sz 2 (Fpszz Ro Az
0 2
_ RoRzz _ 1 Pzz zzz Ro
S,, = 3 ) (= ) () (11.40)
N__? p’zz o “zz

Self-Inductance Parameters

The self-inductance of a symmetric pair of coils com-
prising one of the coil subsystems is found from the self-
inductance of an isolated coil and the mutual inductance between
the two coils. .

(i) Self-inductance of individual coils. (Reference 8)

The self-inductance Ljo of an isolated square coil is

given by the formula:
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L. .
—10 & @.azsxie”iidin v 2022
R n o ;

7.3QRanJ (11.41)

(microhenries/inch turnz)

S.
= J

t.+V,
i

. = radial thickness of j—-coil
. = axial thickness of j-coil
. = number of turns in j-coil

For the particular coil configuration:

(ii)

square, coaxial coils.

. = outside length of one side of j-coil (inches)

S S
X _ TxXx _
= = g = 2(+a;) (11.42)
o] (o}
s o 0.8
= 2[(l+—%)tan¢z + % ?] (11.43)
s . o o.B
z _ 2 2722
ﬁ; = 2[(l+al+—§-)tan¢ZZ + 5 ] (11.44)
S S
X 1 _ XX 1
&2 Ty Y = o Gy
(11.45) (11.46)
S S
1 VA4 1
= (52) (— ) I )
R, ‘ay (1+8.) Yzz R, ' oy (IFB_,)
(11.47) (11.48)

Mutual inductance between two identical parallel,

(Reference g)

The mutual inductance Mj/j between the two identical
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j=coils is giyen by the formula:

M, ,. 2y C (L. )
373 2y v -
— = (10.77x10 I(Ro”gnfj T 7 + a.1ssecaj+xj ny)]
o]

(11.49)
(microhenries/inch turnz)

where: 2j = mean length of one side of j-coil
number of turns in j-coil

=}
.
il

Gj = ratio of mean axial spacing of coils to
mean length “zj“

ny =L E S
Xy = Y2 ¥ 8y

For the particular coil configuration:

%x zxx ) al

R = 2(1 + 5—) {(11.50)
(o) o)

22 0‘l

2zz o"2

—ﬁg = 2(1 + al + T)tand)zz (_11.52)
Bx = tan¢_x : 6xx = tand>xx

Gz = COt¢Z ; Gzz = cotd)zz

(iii) Total self-inductance parameters
The total self-inductance Lj of each coil pair is given by:

L., = 201 1, (11.53)

3 o J/j]
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. N.
for the particular coil configuration, nj = fl

L . L M
T, =X = %1(__10__£ + (_2‘_4&£ ] (11.54)
RN R, (N /2] R, (N /2]
L . 1L M__
R — - %I( 2O ) - (3 EX/XX )1 (11.55)
RN, R (N /2) R, (N, /2)
L L M
T = Zz = %[(__EO__% + (__.Z./i_.)z] (11.56)
RONZ RO(NZ/Z) RO(NZ/Z)
L L M
RONZZ RO (NZZ/Z) RO (NZZ/Z)

Mutual Inductance Parameter (Gradient Coils) (Ref. 8)

The axial gradient coil pair is magnetically coupled with
the vertical gradient coil pair due to the way in which the
terminals of these coils are necessarily connected. As a
result, changes in current through one pair of coils will
result in net induced voltages in the other pair. This effect
must be considered since it influences the specifications of
the power supplies required to regulate the currents in the
two systems.

The particular gradient coil configuration can be approx-

imated by the arrangement shown in Figure 8.below.
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Vertical Gradient:
Coil Pair

— 1 ® | d
Tl /0
jxx C —

Axial Gradient
Coil Pair

Figure 8. Approximation of the Axial Gradient and the

Vertical Gradient Coil Pairs for Estimation

of the Mutual Inductance Between Each Pair
of Coils.

From the symmetry of the figure, further simplification
of the analysis can be made by observing that the mutual

inductance, MAC’ between coils A and C

is egual to the
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mutual inductances MAD' MBC’ MBD‘

Therefore, it is necessary

only to f£ind an expression for Mpor as shown in Figure 9.

fe

Coil Pair Geometry for Calculation of Mutual

Figure 9.
Inductance.
Mpg = Myg + M3y = My, = My
%)
M=0.00508n1n221[22nA+(l+—~)2nB+C—E]
(Ref. 8) ‘l
where: 2 2 /T R
1 2,- 2,2, ,D ,2
A= (==) [(1+572)+/ (1+455) 24+ (3-) 2)
D 21 21 21
2 % . 2
(1+-2)+ /\l+—2-) 24 (-2 2 (1+—g)+E
21 21 21 Zl
B = [ I S
T
-(1—-2—2)+/ (1-1—2- 2+(12)2 -(1-7,;-2-)+c
1 1 1 1
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i}
:?\\

2920

N
n.q
.|.

g“

y..n

»/c,1+rz +crr (11.62)

1
4 21_22
M=1ZI a.M (21’5—’1—) (11.63)
j=1 j "1
y - = - = -— “ -— 2
where; a; +1 , /Dl (a 21) +(c 22)
= - Y = — 4 —y Z
a, = 1 , /D2 (d zl) +(g+22)
- - = Z — Z
az = 1, /D3. (d+21) +{c 22)
— o < Y4
a, = +1 |, /D4— (d+£l) +(c+22)
&1 = Ro 2
%2
22 = Ro(l+ul+§—)tan¢zz
%
c = Ro(l+—-—2-)tan¢xx
. a,
Mxx/zz %y 4 22
WXX/ZZ = (W)=0.00508(1+T) z (anA.+(l+1—-)RnB-+pl"E.)
O XX 2z j=1 J 1 J ]

(11.64)

(microhenries/inch turnz)

Current Density

The current density is of interest, particularly with

superconductors.

(i] The overall current density Jjo in each winding
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core is related to the performance parameters as follows:

. N.T. CAL
) (o]
g1 = 94, @R, (5711 (11.65)
© o
B
= 61 (11.66)
J
X By 1
l.e. J_jo = Ro I—‘-———A—.—o-—] (11.67)
20, (—4°)
IR
[e]
B._: B; R B

(ii) The current density J. in the conductor itself is
related to the overall current density Jjo by the packing

factor (F_).:
actor ( p)J

_ do
J, = '(FJ‘—Y_ (11.68)

Peak Magnetic Field Strength Inside Coil Conductor (Ref.9)

In the case of superconducting coil material, the current
density is constrained by the properties of the particular
material and the local magnetic field strength. The properties
of typical superconducting materials are shown in Figure 10

below.
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s

Critical Current Ratio

Critical Field

Figure 10. Critical Properties of Typical Superconducting
Coil Material.

For discussion purposes, the properties of a typical

superconducting material can be approximated by the relation:

dT__
J<J =J + SXit (g

crit ref T d@B__. B) (11.69)
crit

ref

If superconducting material is used, it is necessary to

find the maximum value of B within the coil winding (Bmax)cond.

and the corresponding current density J(B=B )

max’cond.’ in order
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to assume that the critical current dengity is not exceeded.
The constraint can be stated alternately as follows:

J J(B=B, )]
(B=B y max”. _
max’cond _ 75 cond <1 (11.70)
J . ' crit
crit Jestam —— Bpax!
ref 'dB, ;¢ max’ . .4

For the coil geometry under consideration, it has been
found that the location of the maximum field point is in the
positive-z, negative-x quadrant of the system, in the y = 0
plane. This condition is shown in Figure 11l.

z )

Region of Maximum I
Field

zz-Coil

VAN

[2) |
ﬁ'ﬂ O™,
) /
z- Coil xx- Coil Txx ‘rl
‘————fz ————F“

Figure 1l. Region of Maximum Field Within Coil Conductor.
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This field strength can be estimated mith_satisfactory
accuracy ( 5%) by assuning that the windings are eguiyalent
to infinite fillaments located at the winding centroids, and
carrying the corresponding currents. The effect of other
quadrants is ignored.

The net magnetic field (Bm )

ax’ cond. at the point of

interest is:

_YoYa +b +2ab cos®

(Bpax!cond = 7T 2z (11.71)
where 2 2 2 2 2 2
J la R J a.“B__R J |a.“B R
a (l x| 1 By °o . | xx[ﬁl XX o l zl 1l "z o )
ry r r,
J__|a,? R_2
b = (l,zzl 2 Bzz o)
r
zZ
B o.B
- 1™ x . _ 1" xx
Tx T RoTm “xx T RoTZ
o a.B
= 1 _ 1 xx
r, = Ro(l+§—)(tan¢z tan¢xx)+ 5
/ a. o a.B o, o
_ 2 1 17xx 1, 72,2
r,, = Ro/((l+al+§—)tan¢zz—(l——i—)tan¢z+ §+(2 t5 )

11.6 COST-RELATED PARAMETERS
Several parameters which may be expected to be closely

related to the cost of the facility can be evaluated from the

geometric, material, and performance parameters of the coil
system. Included among these are the following:

49



(a) Winding yolume parameters~(yj/Ro3l

The total volume~Vw‘o£ coil windings is

oY 4 V.
w;total = ¥ _qi} (11.72)
R, j=1 R,
V 4 A. I.
RQ. J=l Ro Ro

(j=x,xx,2,2z2)

(b] Winding mass (weight) parameters (mj/Roa)
The mass of conductor (exclusive of structural

systems) included in each coil pair is:

m. V.
= @ (). () (11.74)
R ? v P IR 3
o o.
where (I‘%)j = density of conductor in j-coils.

(Fp)j= winding packing factor - j-coils.

(c) Current-length product

The cost of superconducting material is often
quoted in terms of (price)/(unit current x unit length)
(eg., dollars/kiloamp. foot). Thus, it is desirable to

derive a parameter in terms of this quantity.

The total length £. of conductor in the j-coil
co Jtot
pair is
21
2 = R N. (5=) (11.75)
Jtot ©J Ro
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The current-length product gj Ij' for the j-coils.
can be related to the performance tot parameter Qj
as follows:

T, .
- B,R 7 (19 (L
ijrj BjRo (Ro )(Q_) (11.76)
J
whgre Bj =_Bx, Ronx’ Bz’ RoBzz‘

12.0 GENERAL POWER SUPPLY REQUIREMENTS

Electrical power supplies are required to provide control-~
led currents through each of the four coil pairs.

The fields (on, Bzo) may be controlled independently of
B ) by use of four separate power sup-

xx0! Tzzo’
plies, one for each of_Bx, B

the gradients (B

. B_, and Bzz. Considerations

XX 4

that are involved are as follows:

(a) Control of force amplitude while maintaining saturation.
The operation of the system requires that the spher-
ical jiron core of the store model be saturated at all points
within the useful volume of the tunnel test section. This
in turn places a lower limit on the net magnetic field
strength at any point. With the combined axial and ver-
tical ambient field strength held at a level adequate to
saturate the sphere, the magnetic force may then be
varied by adjustment of the axial and vertical field gra-

dient coil currents.
(b) Minimization of force field nonuniformities.

It has been demonstrated that the nonuniformities
in the force field due to the gradient fields can be re-
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duced hy increases in the uniform ambient field leyel
(Sect. 8)]. Thus, there is an édvantage in operating the
ambient field at the maximum leyel, independent of the
force required. Alternately stated, the maximum instal-
led power available for the ambient field (Bx, BZI coil
should be used at all times (in a ratio consistent with
the required force field inclination, of course).

The alternative would be to have only two independent power
supplies, with the Bxx coils connected in series with the Bx
coils to one power supply, and the Bzz and BZ connected in
series to the other power supply. Adjustment in the force
level can be accomplished to some degree by adjustment of the
currents, variation of the size of the spherical core relative
to the store model, or choice of magnetic material having d4dif-

ferent saturation magnetization level.

12.1 POWER REQUIREMENTS FOR STEADY OPERATION
The d.c. power required for steady operation of the system
can be found from the performance parameters as follows :

Total d.c. power P = 3yP. (dc) (12.1)
(d’c')total J
= 2

Pid.c) T 1578y
Sx Sxx
= 2 ’ . = 2 (22
or Px(d.c.) RoBxo (Q 2) ! Pxx(d.c.) Ro(BxxoRo) (Q ;
X XX
(12.3) (12.4)

S

P =R B_ 2% (——) . _ 2, 22
z(d.c.) o zo sz ; Pzz(d.c,)_Ro(BzzoRo) (5——2
‘ Zz
(12.5) (12.6)
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2

S B___R . 8,
Boo?l 21 + (222 ()

Q:( BXO ox;

or  Prgqy ctotaly@o{-'

Discussion

Several assumptions may be justified concerning the
probable values of the parameters in the expression 12.7

above.
(L) (B, ) = const.
*o Mmax (depend upon saturation magneti-
} zation of spherical core in
(Bzo)max = const. store model)

(ii) RO (Bxxo)max )

Ion)max = const. (gradients (and forces) inversely
proportional to scale factor,
due to aerodynamic scaling re-

Ro(Bzzo)max guirements)

B ) = const.
zZ0

Note that the other factors (Ei) are related to shape,
material, and construction sz method.

On the basis of the assumptions and observations above,
note that the maximum d.c. power required for the coil system

scales as the first power of the linear dimension.

12.2 ENERGY REQUIREMENTS FOR STARTUP OR INTERMITTENT OPERATION
The magnet system not only dissipates energy due to ohmic
losses, but also stores energy by way of the magnetic fields
which are produced. Thus, the electrical energy required to
produce change in the field level will be a function of the
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tine taken tq effect the desired change, in addition to the
difference In stored energy between the two leyels.

(ngSlpatlonl (storagel
- = 2 1 2 _ 1 2
i.e. f Rydt + 5 Ly(T, I, %7 (12.8)
l
In particular,
. o2 - L T
B = 6—21 S, B, 2dt + 3 R 3(Q 2) (B2 (£,)-B_ 2(tl))
t x (12.9)
R 1 Ty 2
= 3 —m —
AExx Ro Qxxzi xx(Ro xxo) dt+2 R (Q )((Ronxo)Z (Ronxo)l)
1 (12.10)
AE,=R ?é (B )2dt+iR 3(Tz)((B )2 - (B_ )2} (12.11)
z2" "0 sz z ' zo 2 0 62 zo’ 2 zo'1l :
tl ' '
1 t2 2 1 Tzz
= 3 2 _ 2
AE, 2=Rs Qz; fszz(RoBzz) dt+3R, (Qzéz)((ROBZZJZ (RoBzzo)l)
t (12.12)

Note that the resistance parameters (Sj) are included under the
integral sign. Recall that Sj is proportional to the resis-
tivity p. of the conductor material which in general may be
affected by changes in temperature of the conductor, due in

turn to the dissipation itself. The exception to this of course
is the case of superconducting material, in which the dissipative

term may be negligible.

12.3 RESPCNSE OF MAGNET SYSTEM TO POWER INPUT VARIATIONS
If it is assumed that the resistance parameters are con-
stant, the four coil systems respond to voltage inputs as

follows below:
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(a) Four independent power supplies Vx' xx’ Vz’ sz

(i) Non-superconducting coils

= (2 1 .
I.(s) = (FH(y5==75) Vy(s) (12.13)
X . x
_ 1 1
Iz (s) = ('1-2_) (Tl_ﬁ—sf) Vz {s) (12.14)
b4 z
+T_ s ¥ -k YT_ 1
1 2Z ( 1 XX/ZZ - XX 2ZZ
(s = G} W (s)+ }oG W, _(s)
XX Rxx D XX ‘Rxszz D 44
(12.15)
1 .
z 5
"=k vt T 1+1 s
_ 1 XX/2Z XX 2Z 1 XX
I, = g—x—} ( z W 81+ E—) =), (s)
XX 22 zzZ
(12.16)
where:
- 2 2
D=1+ (Tu+T,)s + (1 kxx/zz)TxxTzzs
L. T.
T, =( El} = R2 —S-J—
] 3 ° 73
k - xx/2z _ XX/22
XxXX/22 W —— T
XX 22 XX 22
s = Laplace transform operator.
(ii) Superconducting coils (Rj = 0)
I_(s) = [+2=] V_(s) (12.17)
b4 Lxs- X °
- [ 1V
I,(s) = [LZSJ 4 (S) (12.18)
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-k
1 (s) = I L v () + [ EE/EE 1v,, (s)

XX 2 2 J— Zz2
(1_kxx/zz)Lxxs (l—kxx/zz) Lywlzz
(12.19)
I (s) = [— xx/zz 1V, (s)+1 1 V__(s)
z2 32 " XX 1,2 Z2
(1 kxx/zz) LxxLzz (1 kxx/zz)Lzzs
(12.20)

(b) Two independent power supplies (Vx + Vxx)’ (Vz + sz)

with ¥ and xx coils in series (Ix = Ixx) and z and zz coils in

series (Iz = Izz)'

(i) Non-superconducting coils.

1 1+1_.s
= = b}
Ix Ixx(s) [Rx+Rxx][ D, J(V:<+Vxx)(s)
o 1 ) [_ XX/22 Txx"zz STV _+V_ ) (s)
v R_+R__J(R_+R__)’ = D, z zz
X XX z zZZ [l'l'—x (l+_Z_)
Lk L,z
(12.21)
l. 1+7, 48 '
Iz = Izz(s) - [RZ+RZZ][ D, ](Vz+vzz)(s)
+ 1 [_kxx/zz TxxTzz - 1V 4V ) (s)
o D, L L S x Vxx’ 'S
V(Ry #Ryy) (Ry4R, ) (1+2 ) (1+2 )
L L
XX ZZ
(12.22)
where T = L_xti}g . T == LZ+LZZ
* ’ *x R +R
X Rx+Rxx z RZ+Rzz
, : (1-k2 )
Dy = 1+ {1 x+T,4) st xx/z2 Tx*Tz*s2
(l+f§ }(1+EE“
XX ZZ
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(ii) Superconducting coils (Rj = 0)

— _ 1 : P
I (s) = Iex(s) =1 ;x/zz -~} (Vx+Vxx) (s)
(Lx+Lxx)(l_' Lx L, ) s
(1+—) (1+:—)
Lyx Loz
“kx /22
+[ — 1(V 4V, ) (s) (12.23)
I T ((1+==* 1 &y 902
LxxLzz((l'Lxx)(l'Lzz) kxx/zz)s
_ _ 1
IZ(S) = IZZ(S) = [ Kix/zz ](VZ+VZZ)(s)
(LZ+LZZ)(1 L, L ) s
(1+—) (14+—)
Lyx Loz
+1 Fxx/z2 J(V_+V__) (s) (12.24)
Lx LZ ) X XX *
VLXXLZZ ((l+m) (l+‘]._?z) - kXX/ZZ) S

13.0 MULTIPLE SIMULTANEOUS STORE JETTISON TESTS

When two or more stores are jettisoned simultaneously in
the magnetic artificial gravity facility, perturbations to
the trajectories will be experienced due to mutual magnetic
attraction or repulsion between the store models. Consequently,
it is of interest to estimate the magnitude of these interaction
forces and their variation with the spacing and relative orien-
tation of the store models in the ambient magnetic fields.
Analysis

a) "Two-body problem."

The pioblem can be illustrated by analyzing the forces

between two spherical iron bodies immersed in a saturating
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magnetic field. The situation is shown in Figure 12.

Ambient Field
Msat
Bx (P —5)
Sphere ®
Ra
y A
dv
(mso')g
- » X

Figure 12. Two Iron Spheres Immersed in a Saturating Ambient
Magnetic Field. '

Sphere 1 is magnetically saturated, and the magnetization
is assumed to be parallel to the ambient field Bx’ (i.e. The
perturbation to the magnetization of sphere 1, due to sphere 2,
is neglected.)

The external field due to sphere 1, in spherical coordi-

nates, is

(m % R2
_ sat(l) 1, cosg
BL) gy = 2[—25 1 =22 (13.1)
; _
msat(l)Rl] sing (13.2)

Be)(l) =1 3
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S

or,

for z

Bykyy = © (13.3)
aF _ - .
avlz) = ke ()% (2) 577321) (13.4)
dF k (m (m .
) = satty) Paatla) ™1 1{2-3sin26]  (13.5)
(2) r"
dar -k. (m )., (m l R3
0 _ t'"satql) ‘"sat12)’1 . .
EV—{Z)- oy [31n26(3—531?29)]
13.6)
dF
av )= © (13.7)
0,

de ~k, (m

£ Mgaed1) ®gark2) Rl

av

dr -k
Y

r‘o

t(msatkl)(msat%Z)Ri

av

The magnitude of th

- /(& Caprcor = /8 oy

sat%l)‘msatlz) 1

i

rlo

on an element is:

dr
e total force\dvl

4
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(13.10)

[coso/({2-551inZ%0) 2+ (4-5s51n” 0 )]
r (13.11)

l[cbsB(Z-Ssinze)] (13.8)

[sine (4-5sin?6)] (13.9)



Define

K,dFﬁe) = [cos6v (2-58in“0)“+ (4-5sin“8) ] (13.12)

The direction wldFlof the total elemental force is

- ~5g5in?
bgp = tan '[tane [47381B %yj_q (13.13)
2-5sin?6

The angle-dependent terms KldFl(G) and wldFl are plotted in
Figures 13 and 14.

(msot)@

Saturating Ambient Field

Figure 13. Variation of Strength and Direction of Magnetic
Force on a Volume Element dV Due to a Saturated
Sphere and a Saturating Ambient Field, at a Given
Radius.
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The force components on a volume element'(dvzj thus vary
inversely with the fourth power of the distance from the center
of sphere 1, are functions of the angle to the volume element
from the center of sphere 1, relative to the ambient field, and
are proportional to the product of the saturation magnetization
of sphére 1 and that of the volume element.

The total forces F ' Fe
gradients of the field from sphere 1 are found by integrating

exerted on sphere 2 due to the

the elemental forces over the volume of sphere 2.

i.e.,
_ V@
Fr(2) =/ ( <) )dV (13.14)
_ @)
Fo(2) = | [dv} 2)dv (13.15)
Fs(2) 0 (13.16)

The integrations indicated in 13.14,15, for the general case,
are not evaluated here in their exact form. Instead, a con-
servative approximate form is presented which illustrates the
situation in a relatively simple way. The following assumptions
are made:
(i) The direction of the total force corresponds to that
of the elemental force calculated for 6 = 912.

(1i) The magnitude of the total force is estimated by
integration of a volume force which varies with
(1/s"*) over the volume of sphere 2, where s is a
distance in a rectangular coordinate system.

The results are as follows:
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3
5| ky (m sat)(l)(msat)(Z) 1(3IIR } 1 (Ko (6]
(2) r“ R, ar (812
12 - (22 pr
T2 (13.17)

and, angle of F12 = wlz

4-5sin?9
12, o

- -1

- s 2
2-5s8in 612

The total force is thus identical to the elemental force at
the center of sphere 2 multiplied by the volume of sphere 2,
and weighted by a function of (R2/rlé) whigh approaches unity
as GQ/rlz) approaches zero, as is expected.

If it is assumed that the two spheres are identical, of

radius R, and saturation magnetization m and their centers

sat’
separated by a distance r,

i.e.,
Rl = R2 = R
m =m = m
satl sat2 sat
r12 = r
then:

P

4
|F| = gB(FIR%)} (mg )2 LD (—5=) 21 (Rgp (8)) (13.19)

T

Observe that (= ) = 0.5 (contact)
max"

Values of the weighting function of (%) in Eg. 13.19 are
tabulated below.
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: L

&) [ " (R};L 2 (&) [ ___;__{_
-5 ) (l—(E} )
2 1.11 x 107% 4.33 x 1074
3 1.57 x 1072 2.52 x 1074
4 4.45 x 1073 1.58 x 10”4
5 8.03 x 10”2 10 1.01 x 1074

The acceleration (as)M of the store model due to the perturbing
force estimated above is as follows:

(as)M
but wmag
* (as)M
Example: w
Let (_%23)
s
msat
pmag
and kt

W
_ mag r
= ) g
W W
s mag
.
= 3R Pmag
2
. (mag, kiMsat
w Rp
s mag
= 0.5

= 21 kilogauss

= 0.283 1b/in?®

= 1.14 (in.1lb)

[£ ()1 IKgp (0)] g

-3
(in]  (K.gauss) ~2
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o) - SREE @) 0 5
(8.5 x 10%) 1 ®))px ()] g
Let R = 0.5" ; (F) =6 ;6 =0,
then (a ), = ‘8’3of5§02? [8.03 x 10" %112.0) g
= 2.9 g

i.e., For two store models, each containing 1" diameter iron
spheres, with a separation 3" between centers of gravity) the
mutual perturbing acceleration is of the order of 1.5 to 3 g's,
depending upon the orientation of the line between the centers
relative to the applied field.

For greater separation, the perturbation is less. For

example, by increasing the separation from (r/R) = 6 to
(r/R) = 8, the perturbing acceleration diminishes from 2.9 g's
to 0.88 g.

For this example, the probable gravity scale factor would
be of the order of 20. Thus, the perturbation acceleration is
a significant fraction of the "normal" acceleration at short
separation distances, but diminishes rapidly with separation.

Note the effect of scale: the ratio of perturbation ac-
celeration to "normal" acceleration is independent of scale to
a first approximation, due to the reduced normal acceleration

required with increasing model size.

(b) Multi~body problem.

The total force on a single sphere is the vector sum of the
forces produced by all surrounding spheres as calculated for
the two-body problem. That is, the forces add linearly.
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APPENDIX A
MAGNETIC FIELDS DUE TO AN ARRAY OF STRAIGHT LINE
CURRENT ELEMENTS AND CORRESPONDING FORCES ON A
FERROMAGNETIC SPHERE

The following is an outline of the relations required to
compute the magnetic field strength and gradient components and
the corresponding forces on a ferromagnetic sphere, produced by
an array of straight-line current elements, and by extension,
by an assembly of square or rectangular magnet coils. These
relations apply for regions of constant permeability, and there-
fore do not allow for ferromagnetic material in the vicinity,
as would be the case if iron cores were to be used in association
with the coil assembly.

The relationships are based upon the principle of linear
superposition. That is, the field strength at a particular
point in space is found by adding the effects of individual

current elements.

Field and Gradient Components from a Single Current Element

The field strength at a point in space due to a straight-
line current element is found by application of the Biot-Savart
Law, viz.

2>
B =

u I >
o é af x ¥ (A-1)

41 r?3

In terms of rectangular coordinates and the quantities
illustrated in Figure A-1, the field components are as follows:
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' (xZ 2.2 )
nth CURRENT 2:%2'n
ELEMENT

FIELD POINT
P(x0,¥0:20)

Figure A-l. Definition of Current Element and Field Point

Positions.
u I
B, = —=GU (A-2)
oln .
BY = G vV (A-3)
n 4]-[ nn
uoIn
Bz = Gan (a-4)
n 41
where: U, = [(yl—yo)(zz—zo) - (yz—yo)(zl—zo)] (A-5)
v, = [(zlfzo)(xz—xo) - (zz—zo)(xl—xo)] (A-6)
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let H =1+
n -.
P1Py
- ' ey + 0,)
if H > 1072, letg = [ 2 1 )]
n — n > >
P1P> PPy P1°Py
. > >
- (py+p,) (PP, = Py°Py)
if H <1072, letg = [—22 12 1 72,
n n >
P1P2 Pp X Py
_ - 2 - 2 - 2,1/2
1/2

Py = [(xy=xq) %+ (yy-yy) *+ (z,-2() %]

(A-8)

(a-9)

(a-10)

(A-11)

(a-12)

> >
PPy = [(xl—xo)(xz-x0)+(yl—y0)(y2-y0)+(zl—zo)(zz—zo)](A-13)

pl X p2 =U+V+ W (A-14)

by letting Yl =U, Y2 =V, Y3 =W ’e (A-15)

Equations (A-~2,4,6) can be reduced by index notation

to the form
uoIn

(Bxi)n = —m Sy i=1,2,3

The gradient components are thus,

By MoIp 2Y, 2G_
(5 = [ 5=+7Y; 51
xJj 41 xJ xJj
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_ a’s (p.+p,) -
for H >107%, B = ¢ 172 1 } (A-18)

) ; R > >
Gx5 %x5 P1P2 (9102,01‘92)
let pl + p2 = P
P1P2 = Q
P1® P = R
>

expanding (A-18),

3G _ . 1 3P =P (20+R) ;30 [—P y 2R (A-19)

= [ ] + [ + .
%3 Q (Q+R) F; Q% (Q+R) 2 5;; Q(Q+RF  °xj

- (p,+0,) (P PP, P,)
for me1072, 3¢ - 82 12 1 2, (A-20)
xJ xj  pyp, (Py x0,)°
Expanding (A-20)
36 . Q- Rysp , (P(O-S(Q-R)), 230
ij Qs? axj Q2?s? axj
=B gR + [C2R(Q-R), gs (a=21)
0s?® “xj Qs? X3

The total field properties at a point (xo,yo,zo) due to N cur-

rent elements are thus given by the following:

—~ MO
(B, .) = I

%i (IGYi)n i=1,2,3 (A-22)

ez

i
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Magnetic Forces

The magnetic force components can be written in index
notation as follows:

L g B.i ani
2l o=k, K bsT -] j=1,2,3 (a-24)
\ t iz (B xJ Y
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APPENDIX B

COMPUTER PROGRAM FOR CALCULATING AND TABULATING MAGNETIC

FIELD AND FIELD GRADIENT COMPONENTS DUE TO AN ARRAY OF

STRAIGHT LINE CURRENT ELEMENTS, AND THE CORRESPONDING
FORCES ON A FERROMAGNETIC SPHERE

The following is a brief description of a computer program
"TABLE" written in Fortran IV languade which is uséd to compute
and tabulate the magnetic field properties and the magnetic
force components on a ferromagnetic sphere; using the relations

outlined in Appendix A.

Tabulating Program ("TABLE")
TABLE was developed to provide a tabulation of the magnetic

field components, component derivatives, and magnetic force
components for a set of field positions.

The input data for this program includes the end points
of the current elements as defined in Figure A-1, the current
flowing in each element, and the saturation magnetization of
the sphere material. Variable names associated with the
input data can be found in the "Input Variable List" of the
Program Listing on page 72.

Sample input and output data are shown on pages 81 and 82.
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L
2 akalalatsiaisiziakziziakziskakaiakalaiakaiakakaXaakakalsXalaR o Rala o f

ARTIFICIAL GRAVI[Y - TABLE

A CCDE TG CALCULATE THE MAGNETIC FORCES ON A EUDY IN A FIELD PRODUCED
BY COILS CUNSISTING OF STRAIGHT LINE CURRENT ELEMENTSe o THE FORCES
AND FIELD CHARACTERISTICS ARE TABULATED AT CORRESPONDING PUINTS IN
THREE DIMENSIGNAL SPACE,

CURRENT ELEMENTS ARE COUNTED COUNTER-CLGCCKWISE ABCUT THE CGRRESPCNDING
COORDINATE CIRECTIUNSs ALL CURRENTS ARE POSITIVE COUNTEK-CLUCKWISE.

INPUT VARIAELE LIST

VARTABLE NAME DEFINITICN
CA DEMAGNETIZING CCNSTANT FOR THE MGCELe
AMS SATURATICN MAGNETIZATICN FOR ThHE MCDEL.
XKT MAGNETIC FCRCE CGNSTANT,
XMU MAGNETIC PERMEABILITY CF FREE SPACL.
INM THE NUMBER C(CF CATA SETS.
INPOPT INPUT CPTICN.
CONFG DESCRIPTIUON OF ARTIFICIAL GRAVITY CCONFIGURATICNe
M NUMBER OF INCREMENTS IN THE X-DIRECTIUN,
J¥ NUMBER OF INCREMENTS IN THE Y-DIRECTICN,
KM NUMBER OF JINCREMENTS IN THE Z-DIRECTION,.
L¥ TOTAL NUMBER OF CURRENT ELEMENTS
CX *DELTA' X,
Dy 'DELTAY VY.
cz 'DELTA' Z.
X{1) X CUJRDINATE OF STARTING PLINT FCR INCREMENTING
Y{1) Y CCGROINATE OF STARTING POINT FOR INCREMENTINGe
IADY Z COURDINATE OF STARTING PCINT FOR INCREMENTING.
X19Y1l,yZl COORDINATES OF THE ENC POINTS GF THE STRAIGHT LINE
X22Y2,22 CURRENT ELEMENTS MAKING UP THE COILS.
CUR MAGNITUDE GF THE CURRENT IN AMFPERES,+ FRCM 1 TO 2
CURT CURRENT FLOWING IN A LOCP OF FUUR CURRENT ELEMENTSe
CURX] THE TUTAL CURRENT IN THE +X FIcLL CCILe

CURXZ THE TOTAL CURRENT IN THE +#X GRACIENT COIL.



€L

OO0

109
1190
111
11z
113

114
115
116
118
127
128

129

159
151

153
154

155

CURX3 THE TOTAL CULRRENT IN THE -X FIELC CClL.
CURX4 THE TOTAL CURRENT IN THE -X GRADIENT CUILe
CuRZl THE TUuTAL CURRENT IN THE +Z FIELL COIL,
CURZ22 THE TCGTAL CURKENT IN THE +2Z GRACIENT CClILe
CURZ3 THE TUTAL CURKRENT IN THE =-Z FIELD COIL.
CURZ4 THE TGTAL CLRRENT IN THE =1 GRALIENT COIL.

DIMENSITN X(100),Y(10C),Z(1C0)9S{2)4T(3),CP(3)yDS(3),DD(3)4DC(3),
IDGI3) o X1(500) o YI{50D)9Z1L500) 4X2(5C0)¥2(530),22(50C) yCUR(500),CCN
2FG(18),CURT(500)

FCRMAT(41446F8e%)

FCRMAT(6F8049F1Is0)

FORMAT(3F 6,1 99FBe193F843)

FORMAT(F5e3,F9e2y2F12e11,215)

FORMAT(3X ) LHX 95Xy 1HY p4X g LHZ 9 6 X9 2HBX 96Xy 2HBY y 6X92HEBZ 94 X9 6HCB X/D Xy 2X
116HCBX/0Y 92 X9 6HLBX/DZ 92Xy 6HLBY /DY 92X y6HIBY/DZ 32X s6HLR2Z/ L2 y4Xy2HFX,y
26X 9 2HFY 46Xy 2HFZ)

FCRMAT(/7)

FURMAT(/ /) _

FORMAT(6X 46 HINCHESy 16Xy SEGAUSS 926 X9 GHGALSS/INes27X910RLBF/CULING )

FORMAT(LHL)

FORMAT( 24X, LGHINPUT DATA)

FORMAT(2X9sOHXLUIN) 92X sO0KEYLUIN) 92X o6HZLUIND) s 2X96EX20INDY 42X 96 HY2LIN)
1¢2%Xy6HZZ(IN) ¢1XyLOHCURRENT(A))

FGRMAT(1X 46FBe4eFlueC)

FORMAT(4F10.0)

FORMAT(3Xy32HTOTAL CURRENT IN +X FIELD CCIL= yF1l0e096H AMPSey3X,y35
LHTGTAL CURRENT IN +X GRACIENT COIL= ¢FlDe0y6H AMPSe)

FORMAT(3X32HTOTAL CURRENT IN =X FIELD COIL= sFl0eUs6h AMPSe93X,35
LHTGTAL CURRENT IN =X GRACIENT CGUIL= sFl0s0y6H AMPS.)

FGRMAT(3X,32HTOTAL CURRENT IN +Z FIELD COIL= ,Fl0e096F AMPSey3Xy35
1HTUTAL CURRENT IN +Z GRACIENT COIL= sF10e096H AMPS,)

FGRMAT{3X y32HTOTAL CURRENT IN -2 FIELD COIL= 4FlOeUy6H AMPS.,3X,35
1HTOTAL CURRENT IN =Z GRALIENT CCIL= 4Fl0e0y6H AMFS,)

FORMAT(18A4)



A A
‘"a 0060 oo

OO0

C

[aXzEeXnERl (@)

(@]

159 FURMAT(24X,18A4)
1€5 FCRMAT(F10.0)
lo6 FCRMAT(6FB8e4)
INPUT THE MAGNETIZATICN CCNSTANT FOR THE GECMETRY GF THE BCDY, THE
MAGNITUCE JF THE SATURATICN MAGNETIZATICN FUR THE MATERIAL, THE
MAGNETIC FURCE CUNSTANT,THE PERMEABILITY GF THE MECIUMy, THE NUMBER
DATA SETS, ANUC THE INPUT CPTIUONe _
INPOPT=1 CORRESPONDS TO INPUTING THE CURRENT IN EACH ELEMENT. INPOPT
=2 CURRESFUNDS TO INPUTING THE CURRENT IN EACH L(CP OF FOUR ELEMENTS.
REAC(S9112) CA JAMS o XKT o XMLy INMy INFCPT
XMP=XMU/(4Q “‘30 1‘016’ )
IF(INPOPTLEQa.1) GG TO 171
INPOPT=2 , o L
INPUT THE ODESCRIPTION OF THE CCNFIGURATION (LEe 72 CHARACTERS)e
REAL(5,155) (CONFG(IC)9IC=1,18)
INPUT THE MAXIMUM NUMBER OF X INCREMENTS, THE MAXIMUM NUMBER OF Y
INCREMENTS, THE MAXIMUM NUMBER CF Z INCREMENTS, TFE NUMBER OF CURRENT
ELEMENTS, DELTA X, Y, AND Z, AND THE CCRNER POINT OF THE PLOT (MAXIMUM
VALUE OF XyMINIMUM VALUE OF Z, AND Y FCSITICN)e
NOTE THAT CX IS NEGATIVE AND CZ IS PCSITIVE,.
READ(S5,10C) IMydMaKMoLMaOX9DY9DZ o X(L1),Y{1)yZ(1)
INPUT THE END POINTS CF THE CURRENT ELEMENTS.
REAC(59166) (XLUINIDoYLUNI)Z1UINI)oX2(NID)yY2(NI)sZ2(NI),NI=1yLM)
NTM=LM/4
INPCPT=1
171 DU 20C INP=1,INM
IF{INPOPTWEQe2) GU TO 174
INPUT THE CESCRIPTICN GF THE CCNFIGURATION (LEe 72 CHARACTERS)
READ{£,155) {CONFG(IC),IC=1,18)
INPUT THE MAXIMUM NUMBER OF X INCREMENTS, THE MAXIMUM NUMBER CF Y
INCREMENTS, THE MAXIMUM NUMBER CF Z INCREMENTS, TFE NUMBER OF CURRENT
ELEMENTS, DELTA X, Y, AND Z, AND THE CCRNER PCINT CF THE PLOT (MAXIMUM
VALUE OF X, MINIMUM VALUE OF Z, AND Y POSITICN),.
NOTE THAT CX IS NEGATIVE ANC CZ IS PCSITIVE.
READ(Ss1GU) IMyJMyKMoLMyDX DY 9y0Z 9 X(1)4Y{L)yZ(1)
INPUT THE ENU POINTS OF THE CURRENT ELEMENTS AND THE CURRENT FLOWING



C IN EACH ELEFENT,
REAC(5¢110) (XL{NDyYLUN)sZ1{N)yXZNDsY2(ND9Z2(N), CURIN),N=1,LM)
GG TO 173
C INPCPT=2
C INPUT THE CURRENT FLCWING IN EACH LCCF OF FOUR CURRENT ELEMENTS,
174 REAC(5,165) (CURTINTIyNT=1,NTM)
KL=-3
KL1=C
C ASSIGN CURRENT MAGNITUDES TO EACH CURRENT ELEMENT.
DO 17y JT=1,NTM
KL=KL+4
KL1=KL1+4
DO 170 NT1=KL,KLL
CURINTLI=CURT(JT)
170 CUNTINUE
C INPUT THE TGTAL CURRENT IN BCTH GRACIENT ANC FIELL COILS(TCTAL
o C AMPERE TURNS).
G 173 REAC(5,150) CURXLsCURXZyCURX3yCURX4
READ{5515C) CURZL,CLRZ2yCURZ3,CURZ4
WRITE (64 118) _
C QUTPUT THE CHARACTERISTICS CF THE CURRENT ELEMENTS IN THIS CALCULATION
WRITE(6,159) (CONFG(IOC),13C=1418)
WRITE(64115)
WRITE(6,127)
WRITE(6,128)
WRITE(69129) (XLONL),YL(N1),Z1(NL)yX2(N1)9Y2(N1)yZ2(N1),CURINL),
IN1=1,LM)
WRITE(6,118)
WRITE(64159) (CONFG(IOC),10C=1,18)
WRITE(6,115)
WRITE(69151) CURX1,CURX2
WRITE (65152) CURX3yCURX4
WRITE(6,153) CURZ1,CURZ2
WRITE(64154) CURZ3,CURZ4
WRITE(6,114)
WRITE(69113)



WRITELlE,116)
IP=0 :
C CALCULATE AND STURE THE SPACIAL CCCRCINATES FOR THIS CALCULATIGN.
ITLM=]IM-1
JTLN=JM-]
KTLM=KM-1
D3 20602 ITL=1,1TLM
eCU2 X(ITL+1)=X(ITL}+CX
DO <000 JTL=1,JdTLM
2000 YUJTL+L)=Y(JTL)+DY
D3 28C1 KTL=1,KTLM
2C01 Z(KTL#1)=Z(KTL)+DZ
C BEGIN THE MAGNETIC FURCE CALCULATICN.
DO 280 J=1,JM
D3 390 I=1,1IM
IF(I=-1) 25425426
o 26 WRITE(E,il4)
o 25 OO0 300 K=1,KM
C INITUALIZE THE VALUES TG BE SUMMED.
BX=0a0
BY=C.
82=0,0
BXX=0Ge
BXY=C,
BXZ=C.
BYX=(e
BYY=Ue
BYZ=(C.
BZX=Ve
.BZY=0.
BZ1=0a
Du 210 L=1y1LM
C CALCULATE A4B84CyCoEsAND F
A=(X1(L)=-X(I /39437
B={Xz{L)=-X{111/39.37
C={YL{L)-Y(J)) /39437



LL

D=(Y2(L)=-Y(J))/39.37
E={Z1{L)-2(K))/39,37
F=(Z2(L)-2(K))/39.37

C SUBSCRIPT a.CeEyByDyF FCR LATER USE
S{1)=A
S(2)=C
S{3)=¢
T(1)=E
T(2)=C
T(3)=F

C CALCUALTE Uy Vy AND W,

U=CHF=-0%E
V=E*B~FxA
W=A*D-B%(

C CALCULATE RFOL AND RHOZ.
R1=(A%A+C*C+E¥E )*%0,¢5
R2=(B2B+D%D+F%F )x %], 5

C CALCULATE THE SUM, PRODUCT, CCT PRODUCT, AND CROSS PRCOUCT OF RHU1

C AND RHCZ.

RS=R14R2
R¥=R]1=R2
ROR=A3B+CxD+EXF
RXR=U+V+HW

C CALCULATE THE DERIVITIVES OF THE SUM, ETCe OF RHO1l ANC RHOZ2e
DC 220 M=1,3
DP(M)=-(S(M)*R2/R1+T(M)*R1/R2)
DS(M)==(S(M)/R1+T(M)/R2)
CC(M)==(SI{M)+T(M))

220 COUNTINUE
CC(1l)=F-E#+C-D
CC(2)=E-F+B-A
DC(3)=D-C+A-B

C CALCULATE AND TEST H TJ DETERMINE ECQUATION FCR G TG BE USED.
H=(RM#RLR)}/RM
IF(H-0e01) 241,1

1 G=RS/{RM%(RM+RDR))



8L

c CALCULATE G AND ITS DERIVITIVES IN THE X,YsZ DIRECTIONS.

230

240

DC 23C Mli=1,3

DGA=RM¥* (KM+RDR)*DS(M1)

OGB=RS* (RM*(CP (M1 )+00(ML) )1+DP (M1 ) * (RM+RLR))
DG(M1)=(CGA-DGB) / (RM*{RM+RDR ) ) *%x2

CCNTINUE

GO TC 3

G=((RS)*(RM=RDR) )/ (RM*¥RXR*RXR)

DO 240 M2=1,3
OGA=(RS*(DP(M2)-DD(M2) )+DS(M2)* (RM~RCR) )¥RM*R XR¥k*2
DGB=RS* (RM=RDOR) *(RM*24 #RXR*¥DC(M2) 40P (M2 ) ¥RXR*#2)
DG(M2)=(DGA-UGB)/ (RMFRXR*#2) %2

CCNTINUE

C CALCUALTE THE FIELD CCNTRIBUTICNS OF EACH CURRENT ELEMENT,

3

CEx=06G(1)

DGY=LG{2)

DGZ=CG(3)
CURP=XMP*CUR(L)*#10CC0e/35437
CURNM=XNP¥CURI{L)I*G*10000.
B8X1=CLRM*y

BY1=CURMXYV

821=CURM*h

C CALCULATE THE GRACIENT CCNTRIBUTICNS UF EACH CURRENT ELEMENT,

BXX1=CLRP*U*DGX
BXY1=CURP*(G*(E-F)+U*DGY)
BXZ1=CURP*(G*(D-C)+U*LGZ)
BYY 1=CURP #V*DGY
BYZ1=CURP* (G*( A-B)+V4LCGZ)
BZZ1=CURP*DGZ*W

C SUM THE INDIVUAL CUNTRIBUTICNS TO THE FIELD AND GRADIENT TC GET
C TOTAL FIELC AND GRAOILENTS,

BX=BX+8X1
8Y=BY+B8Y1
BZ=BZ+BZ1
BxX=8xX+BXX1l
BXY=BXY+8XY1

THE
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BxZ=BXZ+BXZ1
BYY=BYY+BYY]l
BYZI=BYZ+8YZ1
BZZ=E22+BiZ1
210 CONTINUE
C CALCULATE AND TEST THE MAGNETIZATICN CF THE BOBDY FOR SATURATION.
XDK=XKT/DA
RB=(EBX*+2+BY 24248 2¢42) %40 o5
AM=(1/CA)*RB
IF(AM-AMS) 10,410,111
C CALCULATE THE FORCES PRODUCEL CN THE BCOYe
10 FX=XOK*{BX=*BXX+BY*BXY+BZ=BXZ)
FZ=XDK={aX¥BXZ+BY&BYZ+BZ*BZ1)
FY=XDK#{BX*BXY+BYXBYY+BZ*»BYZ)
GC TG 12
C CALCULATE THE CCMPONENTS GF THE MAGNETIZATICN AT SATURATICN,.
11 BMY={ BY/RB)*AMS
BMX=(8X/RB)*AMS
BMZ=(EZ/RB)=®AMS
C CALCULATE THE FORCES PRODUCELC CN THE BCDY.
FX=XKTx( BMX%BXX+BMY*BXY+BMZx%xBXZ)
FZ=XKT={BMX*BXI+BMY*BYZ+BNMI%BZZ)
FY=XKT*(BMX«BXY+BMY*BYY+BMI*BYZ)
12 CONTINUE
V) IP=1P+]
C IF AT THE BOTTOM OF THE PAGE, SKIP TC NEXT PAGE ANC WRITE
C THE KEADING FOR THE NUMERICAL TABULATICN.
IF{IP-40) 50451451
51 WRITE(6,118)
WRITE(€,159) (CONFG(IOC),10C=1,418)
WRITE(64115)
WRITE(64151) CURX1,CURX2
WRITE(H5,152) CURX3,CURX4
WRITE(64153) CURZL,CURZ2
WRITE(69154) CURL3,CURZ4
WRITE(6,114)



08

WRITE(64113)
WRITE(64116)
IP=C
50 CCNTINUE
C GUTPUT THE TABLE OF NUMERICAL VALUES OF FIELD CHARACTERISTICS AND
C FORCE MAGNITUCES.,
300 wRITEl6411l) X(I)oY(J)yZ(K)yBX'BY,BZyBXX’BXYoEXZ,BYYpEYZ'BZZpFX
14FY,F2Z
200 CUNTINUE
CALL EXIT
END




X1 (TN}

4R,NNCO 4BLACND 48,7900
49, N0AN<48,NCAN 48, NOCH
4R PONCLR NCNN-4A, FNNN
48,N0C0 GR,NANNAN-4R, SO0
15,2000 64,0000 64,0000
15,207 =p 4 NAPN 64,000
3"'). ?ACC A ‘9’. ﬂr f““-6’+."‘""'0
15,2000 64, CCNN=H4,1900

8o, NNCN RO, C0ND
-8%00nCH AC,NONN
[0, NOC0=-80,0C00

B2, NOC0=-A0 0000

97.30N0 87, 3NN0
-87.,2000 87,3000
-87,30-37,33C0

T.,3NNN_RT 3000

INPUT DATA

10N =64 ,00 0N

72 CIN) CURRENT(A)
4R, COAN=4R DNCN 4R, ONNND
L4R,NACND 49,000 )=4R,NONC
GRGNATNAN 48.INCH 4B, NCGH
35,2000=64,0000 H4,0000
35,2000~ 64,007 N=64,NNAD
36,2100 64, CAND-H64,0CI0
35,2000 64,0000 £4,00N0
“A5LI0NN 6L NPIN AL LOICASAE 2NAN0-H4 00N K4,7000
SR IO Nb b, NN B4, "NIN=35,200N0=64,0000-64,00NC
“35, 2 0=A4, MENAD=HKL4,ININ-3R, 2000 64,
C38.2000 64.NCNN=-E4,7N0-35,2000 64,7000 A4, 0000
—48, 000 4R NNCA AR, 0NID =GR CCNAN=48,9MNDN 48,0000
cB B ONCH=4R, P00 48,INC0~4B, CCNO-68,00NA-4R, 0000
LA ONRL LA NEND=48,"NIN-4R,NDND 48,000N=-48, NOCO
BB AN AR NACN-LR NI N=4R NCAN 4R, ONNT
80, NNANN-80,NNDN 8O, 0NFN
BN, ICN-R0C,00N0-8N,N02D
BN, N0AN AN, 0C0N 8C,NOND
48, NON0O~-BT7.,3N00 87,3000
4R, NCCN-8T7,3rNN=87,3000
48, N"PNCN 87,300N=-87,3000
48,7000 B7.3CM0 87,3000

§7, 300" 37,3004, NOLN-8T7,3000 87,300 =4R.MONC
—37.30°0 87,30NM-48, 700 -87,3CN00-87,3CCC-48,NNND
~QT, AN AT ANAL 4R IR0 BT, INND~RT,ICNN—4R, 00NN

q7, 3ANC=8T7.3C00V-48, N0 87,3010 87,3NNN=-4R,MONO
AR, DT B FATN=]), MANA=RE NCNN B MO N=RN, A0
QN AFCS AL, LR SAN AANN=B0 O0N0-8N N0 0-R0,A00C0
CANUALAALAr  ACANSBN AN AN NCAN-8N, 000 =RB0, 00NN

QN P rCr S e  ACAN =87, 9000 B0 00O AR ICCN=RN,N0NC

sSCOCNON,
scaQnnn,
s~pnnnA,
5CACrNAN,
6KONMNNND,
AHQANCEN
&nqcroa,
6hOCNNND,
hAARIINON,
hHANTNOND,
AHIN"DD .
66QC20N,
-5¢ANNAN,
-8~A000Q0,
=5renenn,
-5CN0N0C,
-4165000,
-4165700.
-41657N0,
-4165100.
-4557C00,
-4550000,
~4551000,.
-4583200.
-4550000,
-4550000,
~458NCAN,
41650100,
4165020,
4165072,
4165007,

TABLE gSample Input - Current Element End Points and

Currents.
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TOTAL C IRRENT
TOTAL CURRFNT
TOTAL CJRRENT
TOTAL CURRENT

3IN.0 NG =40 N
NG N N, 0 =-38,0
-36.0
-4 N
=32."
-3Nn r
-28,0
-264"
-24.0
=?22.,"
~2N.0
-1R,N
-16.0
~14.Nn
-12.0
=1%.0
-8,
=6eN
4,0
2.0
NN
2"
4,0
6,0
8.0
1r. 7
12.n
14,0
16,10
18.0
2NN
22,"
264N
267
28,0
3NN
32.1
34,
364C

30."
n,n
3%.0
10,0
3in. ¢
30.0
Tel
AN, N
3NN
ac.n
30,7
A0 N
3C.0
Bl
3n.0
3n.¢C
30.0
3N,0
an,n
39, C
30,0
30.2
30.0
10.'.‘
3n,n
30.0
30,0
300
307
an,0
3C."
30.1
30,0
30,0
307
qr.\.n
3N 0

O DHDIO D
¢ o 0 08 0 s o s 0 o
o XoNo Ba

D320 IDDANIIOD
S0 0 e s 6 s s s e 60 g 0 .

OMNMAAAMMADIDIDTDINIDIAIIANADNADIDNDNIMNIDDDD

2DDOIDDIVI290DIDIOCOD D

+X FIELD COTL=
=X FIFLD COIL=
+7 FISLD CNIL=
-1 FIFLD COIL=

RX

56894,7

56894, 0

5671842
56290,9
55040,9
§56435,2
54981.9
54318, 5
53765.°
53242.1
527554 2
52312.8
51919.?
515767
5128642
5174745
502603
50723.5
5C63642
SC597,1
5NAN5,1
SNA59,7?
507584 4
5CAaN1.8
51C38.4

51317.4

5158748
51998, 4

52247. 4

52632.4

53749, 7

53493,0
53957.3

54428, 4

54R9] .4
553244, 7
5571Ca 0
56529249
5613442

B7

0 8269,0
r 5765.6
¢ 3386.3
£ 1174.8
0 -R309,7
r -2658.6
0 -42RR,2
£ 5744, 0
0 =T7045,n
n -8211.5%
o7 ~9262,8
«0-10217.0
N.0-11097,7
£ N=11R98,2
0.0-12652, R
fon=13365.7
0.,0-14M47,0
N.C-14795.8
n,0-1535%.1
N, P=15988,0
Pan=-16625.6
n,e-17769,9
0,0-17927.4
£.C=-1860M4,5
0.0-193C7.R
N N=20444 &
n.C-20R21.9
£aC=21648,9
feN=22534, 6
0.0-27480,8
R =2452645
N, r=25658,3
PaN=260Q0 2
Ner=2826R, A
N (=2978F .3
n,"=31457,9
N.(-23207.4
Fef=2837 3, A
n,0-37495,1

TABLE Sample Output.

6690700,
6692100,
-4850r0N0,
-455000C,

2 %33 3 3232 337D 3V IID IIIDIDIDD 37333
DIO2VUDIIIMDIDIIVDIIIDIDIDDIADIDIIOIIIWNIIDDIDIOIDW

LS I |

CUHRRENT [N ¢X
CURRENTY IN =X
CURRENT IN ¢7
CURRENT IN -7
DBX/DZ DNBY/DY
SAUSS/IN,.
43.9 -18.9
-645.1 -25.8
-128,6 -32.5
-1985.4 ~39,1
-262.1 ~65.3
=269, 7 -51,.?
-2R81.2 -66.7
-28M0.3 '-51.8
270,72 =664 5
-253.6 ~72.9
-232.R8 -T4.5
-209,2 ~7R, ™
-184,.1 -91,"
=158.3 -83.5
-132.3 -B5.7
-106.4 -87, 4
~-B1,9 -3B8.R%
-55.9 ~-R9, 1%
-31.5 ~33.4
~Te7 -92.83
15,6 -Qn,0
3R, 4 =975
61,7 =37,2
A2, 6 -89,5
104,70 -RB.H
125.7 -87.5
145.4 -86.3
155.1 -84,9
183.7 -B3,3
2N".9 ~Rl.6
215.9 ~-79,8
227, 7 -77.9
234.7 -Tha"
235.1 ~73,9
226.1 =71.%
274,.8 -53.4
167.,6 =67.4
111.R -65.2
34645 =63."

D DD D D DD DD DD D DDA DD D DD DD

533030,
-5770°0n,
-4145322,

4155391,

FX

21.973
21.212
2% 155
18,678
17.227
15,823
14,466
13,247
12.159
11.27
17366
9,663
9,722
], 491
],"4"
T.559
Te342
7.282
6,872
5.779
4,501
5,514
hesT9
YL
6o 537
HebH2h
6. T8T
6,997
7.,27%
T, 624
A, "R5
3e547
9. 337
17,174
11,174
12,345
13,687
15,138
16,534

I I R I JCRY TS s I i, T JEN R TN . S |

y 2 31D

3,

® & 5 0 8 0 ¢ o s ® o 0 ¢ 0 5 s 0 0 s o0
X2 D 3D D)

]

)

21303 3 D2 2y 2D I ID

>

F2

=-2.3R9
-2, 9R0
=3.367
-3, 719
-3, 8094
-3,901
-3, 769
-3, 530
-3,214
=-2.845
=24 442
-2.718
-1.582
~l.140
=%, 697
=N,264
'\llaa
Teb30
1.771
1. 515
1.962
?.414
2.976
3,349
1.R36
4o 341
4,968
5.418
5.995
646N]
74233
7. %R9
Ae 561
Q, 231
9.377
17,458
1174925
11.214
11.262
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APPENDIX C

COMPUTER PROGRAM FOR PLOTTING THE MAGNITUDE AND DIRECTION
OF THE MAGNETIC FORCE ON A FERROMAGNETIC SPHERE DUE TO
AN ARRAY OF STRAIGHT LINE CURRENT ELEMENTS

The following is a brief description of a computer program
"PLOT" written in Fortran IV language which is used to plot
the magnitude and direction of magnetic force on a ferromagnetic

sphere using the relations outlined in Appendix A.

Plotting Program ("PLOT")

PLOT was developed to provide a qualitative graphical
display of the distribution of the magnetic force field on a
ferromagnetic sphere due to an array of straight-line current
elements.

Each display is in two parts, consisting of:

a) A plot of the magnitude of the magnetic force, and

b) A plot of the angle of the magnetic forces for an
array of field points in a y = const. plane.

The magnetic forces to be plotted are calculated as
described in Appendix B, for TABLE. A symbol representing the
force range in which the magnetic force lies is then matched to

the force. This symbol is placed in the Jth and Kth

spacial
position (corresponding to Jx increments and Kz increments from
a starting point) of the force display, and the entire display
array is then printed. 1In this way, the magnetic force at
discrete points in the xz plane is represented by a symbol
in the output field. Detailed examples of the use of this
technique can be found in Ref. 10.

Since the range of force magnitude is generally large,

and a multitude of symbols would be required to represent a

83



typical range of constant force increments, a logarithmic
increment has been used instead. Thus, each force range
represents a constant percentage of the value of the upper
(or lower) limit of the range.

By this method, the force magnitude is first reduced

to an exponent of a base number, i.e.,

F = A" (C-1)
- logF -
n Toga (C-2)

Then, the exponent is reduced to a positive integer

n -+ N N is an integer greater than zero

Now, the symbol representing F will be that symbol in the array

having subscript N, i.e.,

F(K,J) = FSymbol (N) (C-3)
where FSymbol (N) is the Nth

force magnitudes.

symbol in the array r - "~~~ *ing

Reducing n to a positive integer can be accomplished in
several ways. In PLOT, n was reduced by adding 1 and truncating
in the case of positive exponents or adding 1 plus the
magnitude of the largest negative exponent to be considered

in the case of negative exponents.

truncated (n+l) (C-4)

for n > 0, N

for n < 0, N = truncated (n + 1 + |al) (C-5)

a = magnitude of largest negative exponent
(i.e., F = 0 when n < =-a)
Thus, the force represented by FSymbol(N) has a magnitude
between a™€ ang AN+l_€, where € is small. (See the sample
output for PLOT, pagde 192 for an example.)

The array representing angle magnitudes is similarly

84



constructed. 1In this case, a constant angle increment is used
so that the symbol subscript is calculated by dividing the

angle by the increment, adding one, and truncating, i.e.,

-1 Fx
6 = tan T X (C-6)
z
M = truncated (%F + 1) (C-7)
8(K,J) = Symbol (M) (C-8)

Again, the 6 array is printed so that a symbol is associated

with the angle at each point in the xz plane,

J2

85,
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OO0 0N OOOO000

ARTIFICAL GRAVITY-PLOT

A CODE TU CALCULATE Tht FORCE GN A MACNETIC BODY IN A FIELD PRODUCED

BY CUILS CONSISTING OF STRAIGHT LINE CURRENT ELEMENTS.
FORCE ANC ANGLE ARE FIELD PLCTTED

THEE MAGNETIC
IN THE XZ PLANE.

CURRENT ELEMENTS ARE CCUNTED CCUNTER-CLCCKWISE ABCUT THE CORRESPUNDING

COORDINATE DIRECTIONS.

VARIABLE NAME

FMT1
FMT 2
Fr13
FMT4
ANLG
ANMX

LBAMX

SYMB1
SYMB2
SYMB3
SYMB4
DCT,ASTER
CTHETA
NANG
ASYMBL
ASYMB2
DA

AMS
XKT
XMy

ALL CURRENTS ARE PUSITIVE CCUNTER-CLOCKWISE.

INPUT VARIABLE LIST
DEFINITIUN

FORMAT STATEMENTS FCR INPUT AND CUTPUT OPERATIONS
REQUIRING VARIABLE FORMAT.

e e e (N ] e L B ] "
LR et '8 e LN | L ) L]

THE BASE FUOR LUGARITHMIC FORCE PLOTS.

ABSCLUTE VALUE CF THE LARGEST NEGATIVE PCWER

OF ANLG TO BE USED IN FORCE PLOTSy PLLS 1l

THE NUMBER OF PLOTTING SYMBOLS REPRESENTING FORCES
OF MAGNITUDE GREATER THAN 1.

PLOTTING SYMBOLS FCR FORCE PLUITSe

" " no "n ow nn
wa un Wy ne n LED
"ne an "o " wn "o
wea nn nn nu nen “n

ANGLE INCREMENT FOR ANGLE FLUT,
NUMBER OF SYMBGLS FCR ANGLE PLUTe
PLOTTING SYMBGLS FCR ANGLE FLOTS.

"nn n "ne "nn Ha nn
DEMAGNETIZING CCNSTANT FOR THE MOCEL.
SATURATION MAGNETIZATION FCR TRE MCCELe
MAGNET IC FGORCE CONSTANT,

MAGNETIC PERMEABILITY CF FREE SFACE.



L8
'2¥a¥2NsksN2¥aXaksXaXsksXakakaXsRsXaXakakaRakaNaRa el

INM NUMBER CF CATA SETS FOR TFIS RUN.

INPOPT INPUT GPTICN.

CONFG A DESCRIPTIGN UF THE MAGNET CUNFIGURATION.

M NUMBER OF INCREMENTS IN THE X-DIRECTICN.

JM NUMBEK OF INCREMENTS IN THE Y-DIRECTICN,

Kp NUMBER OF INCREMENTS IN THE Z-DIRECTICN.

LM TOTAL NUMBER OF CURRENT ELEMENTS

CX YDELTAY Xe

Ly 'DELTA' Y.

£z 'DELTAY Z.

X(1) X CCOORDINATE OF STARTING PCINT FOR INCREMENTING
y(l) Y CIJJROINATE OF STARTING PUINT FOR INCREMENTING.
(1) Z CUCORDINATE OF STARTING PUINT FOR INCREMENTING.
X1yY1l,21 COORDINATES OF THE ENC POUINTS OF THE STRAIGHT LINE
X29Y2912 CURRENT ELEMENTS MAKING UP THE COILS.

CUR MAGNITUCE GF THE CURRENT IN AMPERES.+ FRCM 1 TO 2.
CURT CURRENT FLCWING IN A LOCOP CF FGUR CURRENT ELEMENTS.
CURX1 THE TOTAL CULRRENT IN ThHE #X FIELD CCIL.

CURXZ2 THE TOTAL CURRENT IN THE #X GRACIENT COIL.

CURX3 THE TOTAL CURRENT IN THE =X FIELD CCIL.

CURX4 THE TOTAL CURRENT IN THE -X GRACIENT COIL.

CURZ1 THE TOTAL CURRENT IN THE 42 FIELC CCILe

CURZ2 THE TOTAL CURRENT IN THE #Z GRACIENT COIL.

CURZ3 THE TOTAL CURRENT IN THE -2 FIELC COIL.

CURZ4 THE TOTAL CURRENT IN THE -Z GRALIENT CGIL.

DIMENSICN CONFG(18))ANGL(2009200) +FCRCE(1CO,1C0 )y ASYMBL1(50)9ASYMB2
1(50)y ANGL{50) 4 ANG2(50 )y X(100)yY{1C0)Z(10C)+S(2),T(3),DP(3),DS(3),
2DC{3) +DG(3)94X1(500),Y1(500),Z21(5C0) +X2(500),Y2(500),22¢(500),CUR(50
30)sCURT(400) 9SYMBL(20),SYMB2(BO) s SYMB3(8(0)ySYMB4(EQ)yFMINL(12),FMA
4X1(12)yFMIN2(80),FMAX2(80)»FORCY(1CC»100)¢4DD(2),FMTL(3) FHET2(2)oFM
S5T3(3) ,FMT4(2)

100 FORMAT(41446F844)

110 FGRMAT (6F8e49FlU0)

112 FORMAT(F543+F9e¢2+2F12e11,4215)
114 FCGRMAT(//)



88

115
116
118
116
127
128

129
121
132
133
135
136

154

155
159
160
1€2

FUORMAT(/777)
FURMAT(6X6HINCHESs 16X 9 SHGALSS 925 Xy SHGALSS/INe92T7X91CHLBF/CULIN,)
FCRMAT(1H]1)

FURMAT(3A4,2A3;33A4,42A3)

FORMAT (24X, LOEINPUT LATA)
FORMAT(2XsO6HXLUIN) 92X 96 HYLICIN) 92X 36 HRZ1CIN) 92X 26HX21IN)92X36HY2(IN)
Ly 2X96HLZZ{ IN) o LXy LOHCURRENT(A))

FCRMAT(LXy6FB8e4yFlDa0)

FOGRMAT(2F1Ueu)

FORMAT(3X,6HSYMBUOL y 5X924HFORCE RANGE (LBF/CUe INe})

FORMATI(SX 91lA2 9 TX9FGe392X92HTCy1XsFG,43)

FORMAT(3X42SHPLCT OF FX IN X=Z PLENE AT Y=y F€elslXy3HINo)
FORMAT(3Xy2THHURIZONTAL CGOCRDINATE IS X ¢F5e1l91lX92HINey94H TU oF5el
1y1Xe3HING )

FORMAT(3X,25HVERTICAL CUGROINATE IS 7 yF5ely1Xe3HINes4F TO oF541y1
1Xy3HING )

FORMAT(3X429HPLCT CF FY IN X=7 PLANE AT Y=,Fb6elslXy3FINs)
FORMAT(1X3120He o o« ¢ ¢ o ¢ 6 o ¢ ¢ o o ¢ o o o @ o o ¢ o o o o o

10'. ® e e 2 » & & & © o ¢ o ® & & o e & ® o & & S o 9 & o » ®» ®

2. )

FORMAT(2F 84 4915)

FCRMAT (2A2) ,

FORMAT(3X,25H* DENGTES SATURATICN LINE)

FGRMAT(4F1040)

FURMAT(3X,32HTUTAL CURRENT IN #+X FIELD CGIL= oFlUeDs6h AMPS4,3X,35

"IHTOTAL CURRENT IN +X GRACIENT COIL= 4FLlUe0s6H AMFS,)

FORMAT(3X432HTOTAL CURRENT IN =X FIELD COIL= sFlUeCy6H AMPS,,43Xy35
IHTCTAL CURRENT IN =X GRACIENT COIL= ,Fl0e0,6H AMPS.)
FORMAT(3Xe32HTOTAL CURRENT IN +Z FIELD CCIL= +Fi0eCy6H AMPS.43Xy35
IHTOTAL CURRENY IN +Z GRALCIENT COIL= ,Fl0e0y6H AMPS,)
FORMAT{3Xy32HTOTAL CURRENT IN —=Z FIELD CCIL= oF10eUy6FH AMPS.43Xy35
IHTCTAL CURRENT IN -Z GRACIENT COIL= »F10.0,6H AMPS,)

FORMAT(184A4)

FCEMAT(24X918A4)

FORMAT(F6e3,15)

FURMAT(3X,6HSYMBCLs9X91E8HANGLE RANGE (DEGs))



o

OO0 OO

68

o0

a0 0O

163 FCRMAT(3X4THPLOT OF TOTAL MAGNETIC FCRCE IN X-7 PLANE AT Y=4Fbely
11X, 3HIN,)
1¢4 FORMATI(3X ,47HPLCT OF MAGNETIC FGRCE ANGLE IN X=2 PLANE AT Y=,F6el,
11Xy 3HINS) :
165 FLCRMAT(F10,0)
166 FORMAT(6FBe4)
INPUT THE FORMAT CODES FCOR VARIABLE FCRMATTED STATEMENTS.
FMT1 SPECIFIES THE SIZE UF THE FCRCE FIELD PLOT. FOR EXAMPLE,
FMT1=(1H +y31A2) CORRESPCNDS TO A PLOTTING REGICM X=-30, TO X=+30.
WITH AN INCREMENT (IeEe DX) CF 2+ INCHESe
FMT2 IS THE INPUT CDDE FLR PLOTTING SYMBCLS REPRESENTING FORCES LESS
THAN 1, AND FMT3 IS FGR SYMBCLS REPRESENTING FORCES GREATER THAN 1l
EXAMPLES ARE FMT2=(12A2) ANLD FMT3=(3€A2/22A2) FOR 12 AND S€ SYMBOLS
RESPECTIVIELYe FMT4 IS FOR ANGLE SYMBCLS, FMT4=(AANGMA2)e
READ(5,119) FMTL1,FMT2,FM13,FMT4
INPUT THE BASE FOR FORCE PLCTTING ANC ABSOLUTE VALUE OF THE LARGEST
NEGATIVE POWER OF THE BASEs PLUS 1, ANC THE NUMBER OF SYMBGLS FCR
GREATER THAN CNEe
REAC(5,143) ANLGy ANMX,LENMX
LANMX=ANMX-1,
INPUT LETTER VALUES FCOR THE FCRCE ANC ANGLE MAGNITUDES FOR PLOTTING.
SYMB1 AND SYMB2 ARE SYMBOLS FCR POSITIVE FORCE MACNITUDES LESS THAN
AND GREATER THAN 1 RESPECTIVELY.
READ(S,FMT2) (SYMBL(NL1),N1=1,LANMX)
REAC(5, FMT3) (SYMB2(N2) sNZ=1,LBNNX)
SYMB3 AND SYMB4 ARE SYMBCLS FCR NEGATIVE FORCE MACNITUDES LESS THAN
ANL GREATER THAN ONE RESPECTIVELY.
REAC(5,FMT2) (SYMB3(N3),N3=1,LANMX)
REAC(5,FMT3) (SYMB4(N&4) o N4=1,LBNMX)
REAC(5,144) DOT,ASTER
INPUT TRE MAGNITUCDE OF TrHE ANGLE INCREMENT ANDC THE NUMBER OF ANGLE
INCREMENT S,
REAC(5916G) DTHETA,NANGM
ASYMB1 ANC ASYMB2 ARE SYMBGOLS FCR POSITIVE ANC NEGATIVE ANGLE
MAGNITUDES RESPECTIVELY,.
READ(54FMT4) (ASYMBLINTHL ) NTH1=1,NANGM)
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aNaNeoNaNeNal

REAC(5,FMT4) (ASYMB2(NTHZ)¢NTH2=1,NANGM)
INPUT THE MAGNETIZATICN CCNSTANT FOGR THE GECMETRY CF THE BODY, THE
MAGNITUDE OF THE SATURATICN MAGNETIZATIGON FOR THE MATERIALs THE
MAGNITIC FCRCE CCNSTANT, Tkt PERMEABILITY OF FREE SPACE, THE NUMBER OF
DATA SETS, AND THE INPULT CPTICN.
INPOPT=1 CORKESPCNDS TU INPUTING THE CURRENT IN EACH ELEMENTe INPOPT
=2 CORRESPONDS TO INPUTING THE CURRENT IN EACH LCLP CF FCUR ELEMENTS.

READ(5,112) DAy AMS, XKToXMU, INM, TRPCPT

XMP=XMU/(4e*361416)
CALCULATE THE LOGARITHM UF THE B8ASE FCR FORCE PLUTS.

XLG=ALCG(ANLG)

AM1=1,U5%AMS
CALCULATE THE MAGNITUCES CF FORCE RANCES FOR FORCE PLCTS.

DO 49C JU=1,LANMX

J1=J0=-(LANMX+1)

J2=Jl+l

FMINL1(JO)=ANLG**J1

FMAX1(JO)=ANLG**J2

4008 CCNTINGE

C

DO 9C0 KO=1ysLBNMX
Ki=K(g-1

K2=KQC
FMIN2(KO)=ANLG**K1
FFMAX2 IKC)=ANL G**K 2

SC0 - CONTINUE

FMINL(1)=0,
FFINZ2(1l)=1le0
CALCULATE THE ANGLE RANGES FCR ANGLE FLCTING.
ANG1(1)=0Ue
ANG2(1)=DTHETA
NANGN=NANGM-1
DC 504 NANG=1,NANCN
ANGLl (NANG+1)=ANGL(NANG)*CTHETA
ANGZ2 (NANG+1 )=ANG2{NANG)+DTFETA

504 CONTINUE

IF{INPOPTeEQel) GC TC 171
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aNaXaleN e

OO0 [N el

o

c

o

aN el

C
C

C

INPOPT=2
INPUT THE CESCRIPTICN CF Tht CCNFIGURATIUN (LEe 7¢ CHARACTERS).
REAC(5y155) (CONFG(IC)»IC=1,418)
INPUT TEE MAXIMUM NUMBER GF X INCREMENTS, ThE MAXIMUM NUMBER CF Y
INCREMENTS, THE MAXIMUM NUMBER GF Z INCREMENTS, THE NUMBER OF CURRENT
ELEMENTS, DELTA Xy Yy ANU Zy AND THE CCRNER FCINT OF THE FLOT (MAXIMUM
VALUE OF XyMINIMUM VALUE GF Z, AND Y PCSITION).
NOTE THAT CX IS NEGATIVE AND CZ IS PCSITIVE.
READ(5913GC) IMyJMyKMyLMyDXsUYsDZeX(1)pY(1),Z(1)
INPUT THE ENC POINTS CF THE CURRENT ELEMENTS.
READ(55166) (XLINIDoYLINIDSZLINI)¢X2INID)SY2(NI)9Z2(NI)sNI=1,LK)
NT¥=LM/ 4
INPGPT=1

171 DC 200 INP=1yINM

IFCINFOPTLEQe2) GO TC 174
INPUT THZ DESCRIPTION COF THE CLNFIGURATION (LEe 72 CHARACTERS)e
READ(5,155) (CONFG(IC),I1C=1,18)
INPUT THE MAXIMUM NUMBER CF X INCREMENTS, TFE MAXIMUM NUMBER OF Y
INCREMENTS, THE MAXIMUM NUMBER GF Z INCREMENTS, THE NUMBER OF CURRENT
ELEMENTS,y DELTA Xy Y, AND Z, AND THE CORNER PCINT CF THE PLOT (MAXIMUM
VALUE QF X,MINIMUM VALUE CF Z, AND Y POSITICN).
NUTE THAT Cx IS NEGATIVE AND CZ IS PCSITIVE.
READ(55100) IMyJMoKNgLMyCX DY D2y X(1)eY{1)sZ(1)
INPUT THE END POINTS CF THE CURRENT ELEMENTS AND THE CURRENT FLCWING
IN EACH ELEMENT,
READ(55110) (XL(N)sYLIN)9ZLUN)sXZ2{N)Y2(ND4Z2(N)y CURIN)yN=1,LM)
GO TO 173
INPCPT=2
INPUT THE CURRENT FLOWING IN EACH LCCF CF FCUR CUFRRENT ELEMENTS.

174 REAL(5,165) (CURT(NT)oNT=1,NTM)

KL==-23
KL1=0
ASSIGN CURRENT MAGNITUDES TC EACH CURRENT ELEMENT.
DO 17C JT=1,NTHM
KL=KL+4
KLi1=KL1+4



OG 170 NT1=KL,KL1
CUR(NTL)=CURT(JT)

170 CGNTINUE

C INPUT THE TCTAL CURRENT IN BCTH GRADIENT AND FIELLC COILS(TOTAL

C AMPERE TURNS)e

173 REAC(59150) CURX1 yCURX2,CLRX3,CLRX4
READ(5,150) CURZ1,CURZ2,CURZ3,CURZ4
WRITE(64118).

C OUTPUT THE CHARACTERISTICS OF THE. CURRENT ELEMENTS IN THIS CALCULATICN
WRITE(6,159) (CCNFG{IOC),10C=1,18)
WRITE{&,115)
WRITE(E,127)
WRITE(6,128)
WRITE(69129) (XLIN1)yYLUNI)9ZL(NL)sX2{N1)yY2(N1)4Z2¢(N1)+CUR(NL1),
INi=1,LM)

C OUTPUT THE SYMBOL AND CORRESPGNDING FCRCE RANGE FCR PLCTTING.
WRITE(6,4118)
WRITE(64132)
WRITE(69133) (SYMBL(IO)FMINL(IO) oFMAXLI(IC),IC=1,LANNMX)
WRITE(69133) (SYMB2UIN)yFMIN2(IN) yFMAX2(IN)y IN=1,LBNMX)

C GUTPUT THE SYMBOL AND CGRRESFCNDING ANGLE RANCE FCR ANGLE PLOTTING.
WRITE(6,115)
WRITE(64162) :
WRITE(64133) (ASYMBL{NANGO) » ANG1{NANGU) s ANG2(NANGC) y NANGG=1 ¢ NANGM)

C CALCULATE AND STORE TFE SPACIAL COGROUINATES FOR THIS CALCULATION.
ITLM=IM-1 '
JTLM=gM=-1
KTLM=KM-1
DC 2002 ITL=1,ITLM

2602 X(ITL+1)=X({ITL)+DX
DC 2000 JTL=1,JTLM

2600 Y(JTL+1)=Y(JTLI+DY
DC 2001 KTL=1,KTLM

2001 ZU{KTL+1)=Z2(KTL)+CZ

C BEGIN THE MAGNETIC FORCE CALCLLATION.
DC 200 J=1l,JM

Z6



€6

DC 3CC I=1yIM
DU 300 K=1,KM

C CLACULATE THE MAGNETIC FORCES CUE TO EACH CURRENT ELEMENT,

C INITUALIZE THE VALUES TOUO BE SUMMED.
BX=0,0
BY=Ce
B2=0.0
BXX=0,
BXY=0.
BXZ2=0,
BYX=0,
BYY=D,
BYZ2=0.
BZX=0e
EBZY=0.
BZ2Z=0a
DO 210 L=1,LM
C CALCULATE A,B4CyDyE4AND F
A=(X1(L)=-X(1))/39.37
B=(X2{L)=-X{1))/39.37
C=(Yl{L)=-Y(J))/39.37
C=(Y2(L)-Y(J))/39.37
E=(ZL({L)=Z(K))/39.37
F=(Z22(L)-2(K) )} /329,37
C SUBSCRIPT A,CyEsBsDyF FCR LATER USE
S{1)=A
St2)1=C
S(3)=E
T(1)=8B
T(2)=0D
T(3)=F
C CALCUALTE Uy Vy AND We
U=C*F=D*E
V=EX*B-FxA
W=A#D-B%(
C CALCULATE RHOl AND RHCZ2,



R1=(AA+C»C +EXE )} 420, 5
R2=(B*B+CH#D+FXF ) %2045
C CALCULATE THE SUM, PRCDUCTs LCCT PRCCUCTy ANC CROSS PRCDUCT JUF RHU1
C AND RKEC2.
RS=R1+R2
RM=R1*R2
RDR=A*B+CH*D+EXF
RXR=U+V+W
C CALCULATE THE ODcRIVITIVES UOF THE SUM, ETCe OF RHO1 AND RKOZ2s
DO 220 M=1,3
DP{M)==(S{M)IMR2/R1+4T(M)*R1/R2)
DS(M)==(S{M) /RL+T(M)/R2)
DD(M)=={S{M)I+T(M))
220 CONTINUE
CC(1)=F-~-E+C-D
© DC(2)=E-F+8-A
'S DC{3)=C—~-C+A-B
C CALCULATE AND TEST b TO DETERMINE EQUATIGN FOR G TC 8BE USED.
H=(RM+RDR ) /RM
IF(H=-0,01) 2+1y1
1 G=RS/{(RMx{RM+RDR))
C CALCULATE G AND ITS OERIVITIVES IN TRE XsYy2 CIRECTICNS.
DC 230 Mli=1l,3
DGA=R¥M* (RM+RDOR)%®LCS(NM])
DGB=RS*{RM*{DP(M1 )+DUO(M1) )+DP{(M1)*{(RM+RDR))
CG(M1)=(DCA-0GB)/(RM={RM+RDR ) ) *%2
<30 CONTINUE
Ga TC 3
2 G={(RS)*(RM—=RLR) }/ (RM*RXR*RXR)
' DG 240 M2=1,3
CCGA=(RS*{DP(M2)-DDIMZ) Y+LS(M2)x{RM-RDR) )»RM*R XR*%2
DGB=RS* (RM=RDR)}*(RM*2 ¢ *RXRR*DC{M2) 40P (M2) xEXRx#2)
DG(M2)=({ DCA-DGB) /U{RM*RXR* 32 ) %2
240 CCNTINUE
C CALCUALTE THE FIELD CCNTRIBUTICNS OF EACH CURRENT ELEMENT,
3 CGX=CC(1)



L

DGY=DG(2)
BGZ=CG(3)
CURP=XMP*CUR(L)*10000e/35¢37
CURM=XMP®*CUR(L)*G%10U00.
BX1=CURM%U
BY1=CURM*YV
BZ1=CURM*W

C CALCULATE THE GRACIENT CCNTRIBUTICNS OF EACH CUKRENT ELEMENT,.
BXX1=CLRP*U*DGX
BXY1=CURP#{G*( E=-F)+U*DGY)
BXZ1=CURP*{G¥(D-C)+U%CCZ)
BYY1=CURP*V%DGY
BYZ1=CURP*(G*(A~B)+V*DGZ)
BZZ1=CURP*DGZ*n

C SUM THE INDIVUAL CONTRIBUTIONS TGO THE FIELD AND GRADIENT TO GET THE

C TOTAL FIELC AND GRADIENTS.
BX=8X+BX1
BY=8Y+8Y]
BZ=EZ+B11
BXX=BXX+B8XX1
BXY=BXY+BXY1l
EXZ=EXZ+BXZ1
BYY=BYY+BYY]
BYZ=EYZ+BYZ1
BZZ=B7Z+RZZ1

210 CCNTINUE

C CALCULATE AND TEST THE MAGNETIZATION CF THE BODY FCOR SATURATION.
XDK=XKT/CA )
RB=(BX*%2+BY¥%2+4B72%#2 ) *%( o5
AM=(1/CA)*RB
IF{AM=AMS) 10,10,11

C CALCULATE ThE FORCES PRGDUCEL CN THE BODY.

10 FX=XDK*( BX*B XX+BY#BXY+BZ*BXZ)
FZ=XCK#{BX*BXZ+BY*BYZ+BZ¥EZZ)
FY=XDK*{BX*BXY+BYXRYY+BZ*BYZ)
GG TQ 1¢&

©w
(5]



96

C CALCULATE THE COMPONENTS OF THE MAGNETIZATICN AT SATURATICN.
11 8MY=( BY/RB)*AMS
BMX=(BX/RB)*AMS
BMZ=(EZ/RB)*AMS . .
C CALCULATE THE FORCES PRODUCEC CN THE BCOY.
FX=XKT*(BMX*BXX+BMY*BXY+BNMZ*BXL)
FZ=XKT*({ BMX*BXZ +BMY*BYZ+BMZ*EZZ)
FY=XK T*{ BMX*BXY+BMY*EYV+EMI%BYZ)
C DEFINE THE SATURATION LINE BY ASSIGNING ASTER (*) TC THE FCRCES AND
C ANGLES ALCNG THE SATURATICN LINE.
IF(AM=-AF1) 710,710,412
710 FORCE(K,I)=ASTER
FCRCY (Ky I)=ASTER
ANGL( K, I)=ASTER
GC TS 3090
12 COUNTINUE
C DEFINE THE X AND Z AXES BY ASSIGNING COT (o) TO THE FCRCES AND ANGLES
C ALCNG X=0s ANC Z=0.
IF(Z(K)eEQoUeoUReX(I)eECele) GC TC 14
GO T30 15
14 FGRCE(K,I)=0uT
FORCY(K,1)=D0T
ANGL (K, I)=D0T
GC TO 300
C CALCULATE THE TOTAL MABNETIC FLRCE ANC ANGLE IN THE X~=Z PLANE.
15 FTI={FX*FX+FL*FZ)*%0e 5
ETA=FX/FL
THETA=ATAN(ETA)*180e /3, 1418
C MATCH A SYMBOL WITH THE CORRESPUNDING FURCE ANC ANGLE MAGNITUDES.
C FORCE MATCHING IS ACCCMPLISHEC BY FIRST CALCULATING THE EXPONENT OF
C THE BASE NUMBER, THEN THE EXFPLNENT IS TRUNCATED TL AN INTEGER
C CORRESPCNCING TU A PCSITICN IN SYMBOL ARRAYe ANGLE MATCHING IS
C ACCOMPLISHED B8Y TRUNCATING THE CIVIDEND OF THE ANGLE ANC THE ANGLE
C INCREMENT TU CETERMINE ThHE ARRAY POSITICN.
IF{THETA) 501,502+5C¢
501 NGA2=1,-(THETA/DTFETA)



L6

502
5C3
12
73
15
77

16
79

78
14
81
82

8G
84

€3
£C5

506
5C8

509
513

ANGL(K, I)=ASYMB2(NUA2)
GO T 5C3
NCAl=THETA/DTHETA+],
ANGL(K,I)=ASYMBL (ANCAL)
CONTINUE

IF(FY) 73974474
IF(FY+0,GO1) 75475476
YN=ALCG(-FY )}/ XLG
IF(YN) 77,777,758
NUY1=YN+ANMX

IFINLYL) 76,764,779
NUY1=1

FORCY (Ko I)=SYMB3(NUY1)
GG TO 5(5

NLYZ2=YN+l,

FCRCY (Ko I )=SYMB4 (NUY2)
GO TO 5(¢5

IF(FY=-0e,001) 80,81,81
YP=ALOG(FY)}/XLG

IFLYP) 82,82,83
NUY1l=YP+ANMX

IF{NUYL) 8C,80,84
NUYi=1
FORCY({K,1)=SYMB1(NUY1)
GC TO 505

NUY2=YP+l,
FORCY(K,I)=SYMBZ(NLY2)
IF(FT) 536945074507
IF(FT40.001) 508,508,509
FN=ALOG(-=FT )/ XLG
IF(FN) 210,510,511
NLF1=FN+ANMX

IF(NUF1) 536,509,513
NUFl=1
FORCE(K,yI)=SYMB3(NUFL)
GU TC 3uu



86

511
5C7
£15
516

14
18

300

NUF2=FN+tl,

FORCE(K,I)=SYMB4(NUF2)

GG TO 3409
IF(FT-04001)

51495154515

FP=ALGG(FT)/XLG
[IF(FP) £1645164517

NUF1=FP+ANMX
IF{NUF1) 514,
NUFl=1

514,518

FORCE(Ks1)=SYMBL(NUF1)

€O TO 300
NUF2=FP+1,

FORCE(K,1)=SYMB2(NUF2)

CONTINUE
WRITE(6,118)

C WRITE HEALINGS FUOR TCOTAL FORCE PLLT.

WRITE(€,159)
WRITE(6,115)
WRITE{(E,1€3)
WRITE(E,y136)
WRITE(64137)
WRITE(6,151)
WRITE(64152)
WRITE(6,4153)
WRITE(€y154)
WRITE(649114)
RRITE(69142)

(CCNFG(IOC),10C=1418)

Y(J)
X(1) s X{IM)
Z{1),2(K¥N)
CURX1sCLRX2
CURX3,CURX4
CURZ1,CURZ2
CURZ3,CURZ4

C PLOT TCTAL FORCE IN X-Z PLANE.

WRITE(&,FMTL)
WRITE(6,118)

((FORCE(KT,IT),IT=1'IM)gKT=1’KM)

C WRITE REACINGS FUOR ANCLE PLCT,

WRITE(69159)
ARITE(64115)
WRITE(64164)
WRITE(E,1306)
WRITe(64137)

(CCNFG(IONC)ICC=1,18)

Y(J)
X{1) 9 X(INM)
Z{1)yZ(KN)



WRITE(64151) CURX1,CURX2
WRITE(64152) CURX3,CURX4
WRITE(€4153) CURZL,CULRZZ2
WRITE(€&,154) CURZ3,CURL4
WRITE(6,114)
WRITE(69142)

C PLOT FORCE ANGLE IN X-=Z PLANE.
WRITE(6,FMTL) ((ANGL(KA,1A)y1A=141M)KA=1,KM)
WRITE(E,118)

C WRITE HEALINGS FOR THE FY PLCT.
WRITE(€4159) (CCNFG(ICC),I0C=1,18)
WRITE(6y115)

WRITE(64138) Y(J)
WRITE(649136) X{1)+X{IM)
ARITE(6,4137) ZU1)y2(KM)
WRITE(&,145)
WRITE(6,4151) CURX1,CURX2
WRITE(6,1i52) CURX3,CLRX4
WRITE(64153) CURZ1,CURZ2
WRITE(&y154) CURZ3,CURZA
WRITE(6y114)
WRITE(6,142)

C PLOT FY IN THE X-Z PLANE.

WRITE(6,FMTL) ((FORCY(KY 1Y)y IY¥Y=14IM)yKY=14KM)
200 CGNTINUE
C END OF PROGRAM,

CALL EXIT

ENC

66



00T

SYMRQL FORCE RANGE (LRF/CUsTIN.)

Na N TD 2« 350

A n.350 7O 0.386 P ba116 TO 6e 727
D386 T0O Ne 424 6727 TN Te 420

B Na424 TO N,467 Q 7400 1IN Ba 140
0.467 TO 0,513 8e14n 1O Be 954

C Ne513 TO N. 564 R 8,954 TO 9,850
Ca 564 T0 De 621 Q.R57H 7O 10, R34

n 0.621 TO Ne 683 S 1N.R34 TN 11.918
N.683 TO Te 751 11.918 710 12.117

£ fi,a751 TN Ne 826 T 13,1100 70 14, 421
0.826 TO Ne9306 144421 T0 15.R63

F N«909 7O 1. 200 U 15.8463 TN 17.4409
.20  TO 1. 160 17449 19 19, 194

G 1100 TN 1. 210 v 19.194 TN 21.113
lea210 TN 1.331 21.113 19 232224

H 1.331 TO la 464 W 23,224 TN 2545647
l.464 TN le 611 ?5.547 . TN 28,102

1 l«611 TO 1a772 X 28,112 TN 3Ge912
1,772 TN le 949 IN.912 TN 34,0103

J 14949 TN 7144 Y 34,003 1O 37,403
21464 O 2358 27.4"3 10 41.143

K 2.358 T2 2. 594 4 41.143 TN 45,258
?.594 TN 24853 45,258 10 494 7R3

L 24853 TN 3.138 1 49,782 10 S4e762
3,138 TN 34452 54762 TN 6" 238
" 3452 TN 34797 ? 6".238 TN 664261 -
3797 TN 44177 b6a261 TN T2.888

N 4,177 TN 44595 3 7. 88R T Blel176
44595 TN 5«754 Rr.176 TN 88.194

n 5.054 TN 5« 56¢ 4 BR.1Q4 TN C7.712
5«56% 19 hellb 27.712 Tn 176aT714

PLOT Symbols - Force Magnitude Ranges.
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APPENDIX D

COMPUTATION OF CURRENT ELEMENT END POINTS

103



NO0O00ANOONNNNNON

nnnnnnnnnnnnnnonnnnnnnnnnnnnnnnnnnnnnnnnno

THIS SYBPROGRAM WILL D

ETERMINF THE COORDINATES OF THE

FND PNINTS OF AN ARRAY OF LINE FLEMENTS DESIGNED SO THAY
THFE FIELDS PRODUCED BY THIS ARRAY OF FLEMENTS MODELS
THE FTELDS OF AN ACTUAL ELECTROMAGNETIC COIL CONF IGURATION

INPUT PARAMFTER DEFINITION

FROM
PROGRAM

WINTX (1)

wnu

wInT7 (1)
ALPHA7 (1)
AUTLA(1)

RCURX (1)
RCYRZ (1)

#Howwudy

ALPHAC
fn

(LI

1

AMPDX (1)
AMPDX (7)Y =
AMPD7 (1) =

AMPNT7 (?) =

SyADIVISION

FROM
PROGRAM

NXX (1)
NX7 (1)
NZX (1)
N77 (1)

wuouu

FROM
FIGURF

WX /R1
BETAX
Wz/B1

PHIZ
R1/R0O
ALPHAL
RX1/R0
RZ1/R0

ALPHAC

FROM
PROGRAM

winTx (2)

x5 & & &8

WINTZ (2)

BUTLD (2}

RCURX (2)
RCLIRZ (2)

u & F &k B

ALPHAZ (2) =

(SEE FIGURESD=1,2,3 )

FROM
FIGURE

wWXx/81
BETAXX
wWzz/82

PHIZZ
B2/R0
ALPHA?
RXX1/R0
RZ71/R0

THE INNFR RADIUS FOR THE ARTIFICIAL GRAVITY
CONFIGURATION AND THE SCALE FACTOR
THE CHRRENT DENSITY FOR THE AXTAL FIELD COILS

(AMP/SOUARE INCH)

THE CURRENT DENSITY FOR THE AXTAL GRADIENTY
COILS (AMP/SQUARE INCH)

THE CURRENT DFENSITY FOP THE VERTTCAL FIELD
COILS (AMP/SQUARE INCH)

THE CURRENT DENSITY FOR THE VERTICAL GRADIENT
COILS (AMP/SQUARE INCH)

INTO MULTIPLE LOOPS

FOPM
FIGURF

NLX (X)
NLX(7)
NLZ.(X)
NLZ'(7)

FROM
PROGRAM

NXX (2)
NX742)
N7X (2)
N77(2)

T EEE R R

NUTPJUT PARAMETER DEFIMITION

FROM
FIGURE

NLXX (X)
NLXX(Z)
NLZZ (X)
NLZZ(Z)

D(TeJeKsLeMsN) = THE COORDINATES OF THE END POINTS oF

CHRP(TeJeKel)

THE LINF ELEMENTS
THE CURRENT FLOWING IN THE PARTICULAR

ELEMENT

WHEQF THE DUMMY VARTARLES MEAN,

X o~
'

- DFSIGNATES THF
- DFSIGNATES THF
DESTIGNATES THE
- NFSIGNATES THF

VERTICAL OR AXIAL FIELD COILS

COIL NUMBER
LLOOP NUMBER
FLEMENT NUMBER
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M - DquGNATES THE STARTING OR EMD POINT
N - DESIGNATES THE COORDINATE DIQFCTION

[z Nelsle]

_DIMFNSTON WIDTX(2)sWIDTZ (P) + ALPHAX (2) sBUIID(2) sRADIUS (2) 4 ALPHAZ (2)
1 .AMDS(?i.RFTAX(Z)oBETh7(?)-QCURx(2)-RCJRZ(Z).CONF(ZO);
2 PlPeteIP4Re?93)2ClUUR(Pe4437,4R)

2001 FOIMAT ( QFR,1/1NFB.1/20A4/RT1/F10.1)

FUNCTION DEFINITTONS

(s XeXe]

TANGIA)=STIN(A#N,N17453)/CNS (A*0,017453)
XPRC (KoL) =ARS(FLOAT (((K+L = (K/G)#4)/2)=2)
YRRC{K 1) =ARS (XRRC (K4L)=1.0) )
YELMIKGL) =FLLOAT (1= ((K+L~9# ((K+L)/O))/S)##D)
XELM (KoL) =YFLM(Ke24L)
"DCR(NWK) =FLOAT (N+1=-2%#K) /JFLOAT (P#N)

INNEX (K) =)+ TARS ((K/2)~1)

IRFP (JeK) = )uKt ({.J=~1) /K)

JREP (JsK) =14+ ((1=1)/K)

TNBYT PARAMETERS ALREADY DEFINED AND A CONFIGURATION
NFESCRIPTION

OO0

_RFAD (542007) (WIDTX(IN) « ALPHAX (IN) « AMPDX (IN) yRCURX(IN) sWIDTZ(IN)
1 ALPHA7 (TN) +AMPDZ (IN) «pCUYRZ (TIN) s RUILN (TN) s IN=142) ¢ ALPHAC,
1 (CONF (TM) s TN=1420) ¢ (NXX(TN) NXZ(TN) gN7X(IN) gNZZ(IN) 3IN=142) 4RO

COMVERSTION OF IMPUT PARAMETERS TN QUANTIES USED BY THE
PROGRAM

DOHOO

DO 1000 I=1.2
RUTLD (D) =RUTLN(T) #*RO
RCHRX (1) =RCURX (T) #R0
RCURZ (1) =RCURZ (1) #R0
WINTX (1) =wWINTX (1) *BUILD (1)
WINTZ (1) =wWINT7 (1) #*BUILD ()
RFTAX (1) =ALPHAC

_ RETA7(1)=ALPHAC

1000 COMTINUF

RANTUS (1) =Rn+ (RUTLLD(1)/2.0)
RANTUS (2) =20+RITLD (1) + (RUILN(P) /2.0)

CALCUHILATINON OF THE CONOPNIMATES

axTAl. FTELD CALCULATIONS

ODOOOOOHO

nO 1001 J=lea
NLNOP=NXX (THDFYX (L) ) #NX7 (INDFX (J))
PO 10601 K=14NILNNP

no 1001 L=1.9

ne 1001 M=1,2

PlYedeKabLaMel)= RADTHUS (1) #TANG(ALPHAX (INDEX(J)) ) +WIDTX(INDEX (J))
1 #NCR (NXX (TMDEX (J) ) « IRFO(NLQOP ¢ NXX (TNDFX (J) ) ))

PO adeKeLeMe?)=((RADTUS (1) +RUTLND () #NCR(NXZ (INDEX (J) ) ¢ JREP (NLOOP,

1 NXX(TMOFXC 1)) R (1.0+YRRC(LeM) #(TANG(RFTAX(INDEX(J}))=1.0))~
2 FCURX(TMNEX () ) 2YRPC (L« M) # (TANG(RFETAX(INDEX(J)))=1.0) ) #
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3 YELM(L M)

c
P(I'JoKoLoM-3)'((RADIUS(!)ORUILD(I)'DCR(NX?(INDEX(J))qJREP(NLOOP'
1 TNXXCINDEX{J)) ) ) ) #(1.0+XQRC (LsM)* (TANG (BETAX (INDEX(J}))=140))~
2 RCURX(YNDFX(J))’XRRC(L;W)'(TANG(BFTAX(INDFX(Ji)) =1.0))#
3 XELM (L M)

c

_IF (JeNE4) CUR(19JeKeL)= AMPDX(INDEX(J))'UIDTX(INDEX(J))'BUILD(I)/'
1 FLOAT (NLOOP)
_IF {J.EN.4) CUR(I1+JsKeL)={=AMPDX (INDEX (J)) *WINTX (INDEX (JY)#
1 RUTLD (1) /FLOAT (NLOOP))

1001 CONTINUE

VFRTICAL FIELD COTLS

OO0

DO 1002 J=1.4
NLONP=NZX (TNDEX (.J) ) #NZZ CINNEX (U) )
DO 1002 K=1.NLOOP

N0 1002 L=1.8

DO 1002 M=1,2

_P(29JeKalaMe1)=((RADTUS(INNEX (1) ) *TANG (ALPHAZ (INDEX (J)) ) +WIDTZ (

1 INDEX (1) ) #DCRANZX (INDFX {J)) o IREP (NLOOP¢NZX (INDEX(J)))))#(1,0¢
? XRRC (L M) # (TANG(RETAZ (INDEX(J)))=1,0))~-RCURZ (INDEX(J) ) #

3 XRRC (L «M) ® {TANG(RETAZIINDEX(J)))=1.0))#XELM(L M)

_P(?-J-K-L-M-2)=((RADIUS(INDEX!J‘)*TANG(ALDHAZ(INDEX(J)))OHIDTZ(

1 INDEX (1)) #nCRINZX (INDFX (J) ) d IREP (NLOOPSNZX (LINDEX(J}))))* (1,0
? YPRC(L-M)“(TANG(RFTA7(XNDFX|J)))-1.0))-RCURZ(INDEX(J))*

3 YRRC (L +M) # (TANG(RETAZ (TNDEX{J) )1 =140) ) *YELM(L o M)

_P(2eJeKelLaMe3)= RADIUS(INNFX (J) ) +RUILD(INDEX (J) ) #
1 DCR(N77 (INNEX (J) ) s JREP (NLOORWNZX {INDEY (U} ) ))

_IF (JeNEos) CHR(P9JeKal)= AMDD7(INDFX(J))*NIDT7(INDEX(J))'

1 RUILD (TNDEX (J)) ZFLOAT (MLOOP)

_IF (J.ER.6) CUR(PsJeKeL) = (~AMPDZ (INDEX (J) ) *WIDTZ (INDEX(J)) ®
| RUTLD CTNDEX ()} /FLOAT (NLONP) )
1002 CONTINUE

THIS IS THE END OF THE KURPROGRAM

DOO
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Figure D-1.Generalized Dimensions of P'ractical Air Core
Coil Configuration.

107

L |t
.L_N—J




7

[\ Y.
|

| r ——P
ac=18°(TYP)

r=rxl,0f Iz ,0r g

4= — —_ -+

Figure D-2. Straight-Line Approximation to
Rounded Corner.
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Figure D-3. Illustration of Nomenclature Used in
Subdivision of Windings into Multiple

Loops.
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APPENDIX E

COMPUTER SIMULATION OF STORE DROP IN A MAGNETIC
ARTIFICIAL GRAVITY FACILITY

A computer code has been developed for use in the evalua-
tion of coil configurations considered in the artificial gravity
program. This code, designated STORE, provides a measure of
the correlation of non-uniformities in the artificial gravity
field with trajectory errors by calculating ideal or constant
gravity trajectories and comparing with the trajectories
calculated for a store released in the artificial gravity field.
All aerodynamic forces and moments are considered. The code
itself consists of a main controlling program (MAIN), and the
following four subroutines: INP1l (for input), ARGRAV (calculates
the artificial gravity components), TRAJ (provides the trajectory
coordinates), and OUTPUT (controls the output). A general flow
chart depicting the interrelation of these four routines and
MAIN appears in Figure E-1. Input for STORE includes character-
istics of the artificial gravity coil system as well as dynamic
and aerodynamic characteristics of the sfore model used in the
evaluation. A complete listing of input variables can be found
in the "Input Variable List" of the input subroutine (INP1)
listed on page 125. A sample output sheet is on page 141.
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LIST OF SYMBOLS

Store diameter

Moments of inertia about principle axes of store
Store length

Mass of store

Dynamic pressure

Relative distance between store and aircraft
Reference area of store

Time

Time increment

Angle of attack

Angle of side slip

Coordinate components

Referred to store coordinate system

Referred to earth coordinate system
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Theory

The store trajectories are calculated by determining the
linear and angular accelerations through application of Newton's
Second Law for a rotating frame (the store coordinate system
of Figure E-3), then integrating twice by Simpson's Rule. From

Ref. 11, the vector equations of motion are,

¢.q
> f&s > > T
A, = —— — ug x V_ + [c] Kg (E-1)
6 = 11/1118 q_ - K} (E-2)

>
where ag and wg are the linear and angular accelerations in a

frame fixed to the principle axes of the store and [C]T is
the transpose of the rotation matrix defined below. (See
Appendices A, B, C).
In this convenient vector form, the aerodynamic force

coefficients are:

Cx

% ={Cy} - (E-3)
€z

The aerodynamic moment coefficients, as defined in Fig. E-2, are:

C,D
¢, ={ch} (E-4)
Cc L

The moments of inertia about the principle axes are:

1/1x 0 0
[1/T] = O 1/1y 0 1] (E-5)
0 0 1/1
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EY |

The vector X arising from the rotating frame is:

ww (I_-I)
K ={uw w (I-I )]} (E-6)
ww (I -I.)

E ]
MON N
X N N

]
T

The aerodynamic force coefficients are calculated by first
calculating lift, drag, and side force coefficients by the
conventional definitions (i.e., perpendicular and parallel to
the wind vector), then the angles of attack and side slip are
used to determine the resulting forces in the store coordinate
system (see Fig. E-2). Thus,

C, = (CLs;na—CDcosa)cosB+CSSLnB (E-7)

Cy = (CDcosa51nB+CscosB) (E-8)

c, = —(CD51na+CLcosa) (E-9)

where,

CL = CLO+CLG (E-10)

o
— 2 2 -

CD = CDO+CD 2a +cD ZB (E-11)
o B

CS = Cso+CSBB (E-12)

The moment coefficients are calculated from the static and

dynamic derivatives as,

C =0 (E-13)
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C_=C_+C_ o+C__a+C E-14

q COMMC TR TR B ( )
Y

C, = C_ +C_ B+C_ B+C_ w, (E-15)
o B B Wy

At this point, the static and dynamic derivatives for moment
coefficients and the derivatives for force coefficients

(CLa ! CSB
must be either estimated or determined from experimental data.

,etc.) form part of the input for the calculation and

The 'subzero' factors (C. ,C_ ,C ,Cs )are generally a result

LO qO rO o]

of aerodynamic interference from the releasing body (i.e.,
aircraft model) since the stores are otherwise symmetric. For

simplicity, these are approximated by a power series in 1l/r,

-

i.e.,
b Cc d

C, =a+—2+-&+-5 =1,5q,r (E-16)
EO 3 r r? r?

where, again, a, b, ¢, and d can be determined from a 'curve
fit' of experimental data, or estimated. The series can be
extended to higher order terms with minor modifications to the
input and trajectory subroutines. It is nbted that the goal of
the calculation is a reasonable evaluation of the coil system
- so that a set of coefficients which produces a representative
trajectory is sufficient.

The first integration of the dynamical equations is per-
formed in the store coordinate system. Using Simpson's Rule
based on half the time increment, the store velocity is

A
§s = §s + 7; (as + 4as 1 +‘;"s ) (E-17)
n+l n n n+§ n+1l
where a_ 1 = as(tn + At/2). In order to determine both the
n+=
2
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acceleration and velocity (for the next integration) at the
half interval point, £+ At/2, the velocity is approximated

as a quadratic in time between t, and t

>
Vs =
n

a
°n

2.
c1tn + c2tn +c3

av

S
aqE T ot t e

where the coefficients are

So that

The angular acceleration is integrated in the same manner.

- 2
(cltn + cztn)

2cl (tn + At/2) + ¢

€1

n+l’

2

2
(tn + At/2)° + c, (tn + At/2) tcy

(E-18)

{E-19)

(E-20)

(E-21)

(E-22)

(E-23)

(E-24)

Next,

the linear and angular velocities are transferred to the non-

rotating earth axis (see Figure E-3) by application of the

proper rotation matrices, i.e.,

>

AV
En+l

g
n+l

—*
[clj_ v
n sn+1

[D]_ ®
n sn+l
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where [C]n and [D]n are as follows:

cosencoswn 51n¢n51nencoswn cos¢n51nencoswn
-cos¢n51nwn
[C]n= cosen51nwn 51n¢n51nen51nwn cos¢n51n6n51nwn
+cos¢ncoswn
L-51n6n 51n¢ncosen cos¢ncosen |
(E-27)
1 sin¢ tan6 cos¢ tanb 1
ID]n= Q cos¢ -sin¢
L(1 SLn¢nsec6n .cos¢nsecen J
(E-28)

and ¢, 6, and y are the Euler angles defined in Figure E-3.

Now, the linear velocities and Euler rates are integrated,
again by Simpson's Rule, to determine the next coordinates of
the store c.g. and the Euler angles locating the store principal

axes, i.e,

> > At > > =

X = X + = (V_, +4vV +V ) (E-29)
En+l En 6 En En+%l En+l

8 _{3} =3 + 8% G 44d_ 1 +8 ) (E-30)
n+l ¥ ~ Yn 6 n n+= n+l

lle



ad

where

> >
Ve -1 = IC1 V_(t +At/2) (E-31)
n+-2-
en¥% = [c]nws(tn+At/2? (E-32)

The computer code developed for the trajectory calculation
has been tested for the cases of a non-rotating sphere with
constant acceleration and for a purely rotating sphere. Under
these conditions, the dynamical equations reduce to

Xg =3 at 3 3 = const (E-33)

and

§+

- ->
_ 2 : (at)? _
n l_en+(enAt+6n——§- ) (E-34)

respectively, where

8 = Dbt , ©_ = [DIB b = const. (E-35)
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MAIN }

——<——1 INP|

<1 ARGRAV A

——<———— TRAJ [—<—

A
Y
ROTA
e OUTPUT
——
END

Figure E-1. General Flow Chart for Store.
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Figure E-2. Aerodynamic Coefficients in Store Axis.
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Figure E-3. Coordinate Systems and Euler Angles.
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IRA

OOCOOOOOO0

OO0

ARTIFICIAL GRAVITY-STURE

A CODE TO CALCULATE THE FORCES UN A MAGNETIC BODY IN A FIELD PRODUCED
BY COILS CUNSISTING OF STRAIGHT LINE CURRENT ELEMENTSe

THE MAGNETIC ACCELERATIONS ARE USED TO PREDICT STORE TRAJECTORIES AND
TRAJECTURY ERRORS RESULTING FROM THE NON-UNIFORMITY OF THE ARTIFICIAL
GRAVITY FIELD»

DIMENSION XTR{1GN0,3) ¢ XR{100D3)AX(100D) AY(100D), AZ(10D0)X(1000C
1) 9ERRX(LINOT93)yCONFG (18 ) o X1(500)+Y1(500),21(500),X2(500),Y2(500),2
22(500) s CUR(SU0) yCONFS(18)4GESL{1000),GES2(1070),ZETA2(1050) +XRN(1D
3009 3) 9 XTRN(L1ODU 23 ) yALPHA(LIDCD) yALPHAR(L000) y ALPHAT(1000),ERRAL(100
G40) o ZETAL{ IOV ) o XE(3 )y THETA(3 ) o XAC{3),VAC(3) ¢4 XM(2,3)4CF(2+3),AG(2,3
5)el(29343)enXV{243)yTIMECLOID)SCS{3)4SNI3)+sGS(243)9ALS(1000¢2+3),C
61(243)yC2(293)9VSH(293)9ACSHI(2,3)4VS(10009253)4VE(1D004+243),VEH(2,
T3) oBETA(L)DD ) oXREL(16G0393) oXNE(L1000,53),CFO(4)9AF(44+4),C3{243)¢XELL
83)s THETAL(3),XACL(3)

INPUT THE CHARACTERISTICS OF THE STORE AND ARTIFICIAL GRAVITY
CONFIGURATIONS FOR THIS CALCULATION.

CALL INPL(DAJAMSy XKTo XMUyRHOT 9 X1yY19Z19X2,Y29223CURyLMsCONFi>
L9yCURXLyCURX29CURXIsCURX4 ¢CURZ19 CURZ2yCURZ34CURZ4 9 CONFSy XEL1,THETAL,
2XACLyVACy XMy XNSyDELTyRHUOZE yBDyBLy XMIN9XMAXyZMINJZMAX9VSyVEyAF,CELA
3yCESByCDUsCDA2yCMAyCMADyCMTD 9y CNBoyCNBDyCNPSIDyBSTLoASTLBETSTL ALPS

4TL,G)

CALCULATE CUNSTANT VARIABLESe
CIN=12, #*BL
SR=, 3927#RHOZE*BD**2
DELTOo=DELT/ 0.
TVEL=VAC(1)

DEFINE STARTING CONDITIONS.
TIME(Ll)=vuo



[AA Y

[TR=1
ITRA=0
ITRB=0 .
VMAG=(VS( 1yl 1) &VS(1lelyel)4VS{Llole2)%VS(191le2)4VS{L1lsle3)%VS(1,1,3))
1wk, 5
IF(VMAGoEQoDu) GO TO 961
ALPHA(L)=ARSIN{VS{(14143)/VMAG)
BETA{L1)=ARSIN(VS({1y1,2)/VMAG)
GO TO 962
961 ALPHA(1)=0,
BETA(1) =0,
962 ALPHAI(1)=ALPHA(L)%57,3
ALPHAR(1)=ALPHAI(1)
C CALCULATE THE INITIAL ROTATION MATRIX.
CALL ROTA{THETALl,C)
D0 941 NI=1,3
AG(2’NI’=OO
XTRULyNI)==12o%( XACL (NI )=XE1(NI))
XTRN(L1oNI)=XTR{1,NI)+12,#C{1,NIs1)%XNS
XR(LyNI)=XTR{1,NI)
XRN(1oNIDI=XTRN{1sNI)}
THETA(NI)=THETAL (NI)
XAC(NI)=XAC1(NI)
941 XE(NI)=XEL1(NI)
c .
C CALCULATE THE MAGNETIC FORCE AT THE STORE RELEASE POINT.
CALL ARGRAV(DA»AMSyXKT o XMUyXTR9yX19Y19219X2,Y292Z29CURoLMRHOTyAX4AY
1,AZ,1ITR)
GESI(1)=((AX{ 1) +x2+(AZ(1)+G)*k2)*%,5) /G
ZETAL{Y1)=ATAN(AX{1V/(AZ(1)+G))$5743
AG(1l,1)=AX(ITR)
AG(1,2)=AY(ITR)
AG(143)=AZ(ITR)+G
c
C CALCULATE THE IDEAL OR CONSTANT GRAVITY TRAJECTORY,
921 CALL TRAJUXTRyXTRN ¢ XEg THETA 9XACoVAC ¢ XM 9 XNS» DELT g SRy DELT64ALP



€2t

1HAyBETA3C9yAGsVSyVE,TIME,AF,CELA, CESByCDOyCDA2,4CMAsCMAD,CMTDoCNB,CN
2BDsCNPSIDoITRyITRA, ITRByBETSTLy ALPSTL #BSTL,ASTL,BLyVMAG)

ALPHATUITRI=ALPHA(ITR)*5743
TIME(ITR)=TIME(ITR-1)+DELT
C
C CALCULATE THE LOCAL G ANGLE AND MAGNITUDE.
GESI(ITR)=GES1(1)
LETAL(ITR)=ZETAL(1)
c
C IS THE STORE UUTSIDE OF THE LIMITS OF THE REGION OF. INTEREST.
IF(XTROITRy1) e GEo XMAXeURo XTRIITRy1) o LEo XMINs ORe XTR{ITRy3) 0 GEo ZMAXe
13Rc XTR{ITRy3)eLEo ZMIN) GO TUO 94D
GO Tu 921
C
940 IMAX=ITR
c
C CALCULATE THE ACTUAL TRAJECTORY,
C DEFINE STARTING CONDITIONS.
DU 950 NM=1,3
THETA(HNM)=THETAL(NM)
XAC(NM)=XACL (NM)
950 XE(NMI=XE1(NM)
ITRA=0
ITRB=9
ITR=1
: CALL ROTA(THETA,C)
c
926 CALL ARGRAV (DA AMSy XKTy XMUsXReX19Y19Z19X29Y29Z29CURyLMsRHOI s AXsAY,
1AZ,1TR)
AG(1,1)=AX{ITR)}
AG(1,2)=AY(ITR)
AG(1,3)=AZ(ITR)+G
C
C CALCULATE THE LUCAL G ANGLE AND MAGNITUDE.
GES2(ITR)=((AX{ITR)¥%2+(AZ(ITR)+G)*%2)*%,5)/G



|—l
N
-

ZETA2(ITR)=ATANCAX(ITR)/ (AZ(ITR)+G) )*57.3

C .
CALL TRAJ(XR'XRNQXE'THETA'XAC'VAC’XM'XNS'DELT'SRQDELT61ALP
lHA’BETA'C’AG’VS’VE’TIME'AF’CELA’CESB,CDD'CDAZQCMAQCMAD'CMTDOCNB'CN
ZBD,CNPSIDvlTRplTRA,ITRB:BETSTL'ALPSTL9BSTL,ASTLvBL'VMAG’
C
ALPHAR(ITR)=ALPHAUITR)*5703
IF(ITR.EQe IMAX) GO TO 924
GO TO 926
C
924 CALL ARGRAV(DA,AMS.XKTpXMUoXRlele,ZleZQYZ,ZZgCURpLM,RHOI9AXyAY1
1AZ, IMAX)
C .
GESZ([MAX)=((AX(IMAX)**Z+(AZ([MAX'*G)**Z)**05’/G
ZETA2 L IMAX)=ATANCAX( IMAX}/ (AZ(IMAX) #6))#57.3
C

C CALCULATE THE TRAJECTORY ERRORS BASED ON IDEAL CONDITIONS.
: DO 925 JL=1,IMAX
‘DO 943 1IL=1,3
943 ERRX(JLpIL)I=C(XTROILILI-XREJL,IL)I/CINI*10D6

IF(ALPHAI(JL)0EQeDa) GU TO 936

ERRAL (JL)=( (ALPHATItJL)=ALPHAR{JL) )/ALPHAT {JL) }*¥1000

GO TO 925

936 IF(ALPHAR(JL)<EQo ALPHAI(JL)) GO TO 937
© ERRAL (JL)={ (ALPHAR(JL)=ALPHATL(JL) }/ALPHAR(JL) 1*1000
GO TO 925
937 ERRAL{JL) =0,
925 CONTINUE
c
C QUTPUT THE TRAJECTORIES AND TRAJECTORY ERRORS.

CALL JUPUT(CONFG9X19Y19Z19X29Y29Z29CUR,LM,CONFSCURXL y CURXZ y
1CURX3pCURXQ.CURZl.CURZZ,CURZB,CUR14,TIME,XTR,XR,ERRX,IMAX.GESI;GES
2242ETALyZETA2 ¢ TVELyALPHAR s XRNy ALPHAT s XTRN, ERRAL)

CALL EXIT

END



AN

OO OO OO0 OO OO0 N0 00

SUBROUT INE INPL(DAyAMSy XKT9XMUsRHOI 9X1yY19Z1l ¢ X29Y29Z29CURsLM,CONFG
19CURX19CURX2y CURX3 yCURX4 9 CURZLyCURZ2yCURZ34CURZ4y CONFSy XE1ly THETAL,
2XAC19VAC 3 XMg XNS9yDELTy RHOZEsBD9BL 9 XMIN9XMAX9ZMIN9 ZMAXy VS VEs AF,CELA
34CESB4CDUyCOA29CMAsCMADCMTDyCNByCNBDyCNPSID 9 BSTLyASTL,,BETSTL ,ALPS

4TL4+G6)

VARTABLE NAME

CONFS
XEl
THETAL
XAC1
VAC

XM

AF

CELA
CESB
CcDo
CDA2
CMA
CMAD
CMTO
CNB
CNBD

INPUT SUBROUTINE
INPUT VARIABLE LIST
DEFINITION

DESCRIPTION OF STORE CONFIGURATION,

INITIAL STCRE POSITION IN THE EARTH SYSTEM (X,eY4Z)0
INITIAL EULER ANGLES (PHI,THETA,.PSI).,

INITIAL POSITION OF AIRCRAFT (Xy¥9ello

VELOCITY CUMPONENTS OF TUNNEL WIND (VX,VY,aVZ)s

STURE MASS AND MOMENTS OF INERTIAs XM(Llsl)=XM(1l,2)=
XM{1,3)=MASSy XM(2,1)=1IXy XM(2,2)=1Yy AND XM(2,3)=IZ
CONSTANTS FOR DETERMINIG AERODYNAMIC INTERFERENCE
FIELDo AF(1ls1)9AF{142)sAF(153) AND AF(1,4) ARE FOR
SIDE FORCEys AF(241),AF(242)4AF(243)y AND AF(244) ARE
FOR NURMAL FORCEy AF(3,1) FOR PITCHING MOMENT, AND
AF(491) FOR YAWING MOMENTo

LIFT CURVE CLOPE (DCL/DALPHA)

SIDE FORCE DIRIVITIVE (DCS/DBETA).

BASE DRAGe

DCD/DALPHA®*%2

DCM/DALPHA (PITCHING MOMENT)

DCM/DALPHADOT ** ¢

DCM/DWYDQT ®¢ ¢

DCN/DBETA (YAWING MOMENT)

DCN/DBETADOT *v %9

DIMENSION CUNFG(18),X1{500), YI(50D)5,Z1(500),X2(500),Y2(500),22(500
1) sCUR{5GU) yCUNFS{18) 9y XEL(3) 9 THETAL(3) 4 XACL(3)yVAC(3) 4 XM(243),VS(10
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COOOOOOO0OOOO0 OO0 OO0

CNPSID
XNS

DELT
RHOZE

8D

BL
XMINyXMAX
ZMINy ZMAX
BSTL

ASTL
BETSTL
ALPSTL
G

Vs

VE

FORMAT(18A4)

DA

AMS

XKT

XMy

RHOI

LM
INPOPT
CONFG
X1yY1ly21
X21Y¥2922
CURT

CUR

200+4243)4VE(1000+293)9AF(494),CURT(1D0)

DCN/DWZDUT ¢ ¢

DISTANCE FROM STORE CoGe TO NUSE,

TIME INCREMENT FOR TRAJECTORY CALCULATIONS.
DENSITY OF TUNNEL ATMOSPHERE.

STORE DIAMETER,

STORE LENGTHe

X LIMITS OF REGION OF INVERESY,

Z LIMITS OF REGION OF INTEREST,

CONSTANT FOR SIDE FORCE COEFFICIENT CALCULATION PAST
STALLe.
CONSTANT FOR LIFT COEFFICIENT CALCULATION PAST STALL
STALLING ANGLE OF SIDE SLIP.

STALLING ANGLE OF ATTACK.

ACCELERATION DUE TO GRAVITY,

INITIAL VELOCITY COMPONENTS. AND ROTATION RATES Or
STORE RELATIVE TU STORE CoSe VS{1l;I) CORRESPONDS
TO VELOCITIES AND VS(2,1) TO ROTATION RATESs
CORRESPONDING VELOCITIES AND ROTATION RATES IN
EARTH AXISo

DEMAGNETIZING CONSTANT FOR THE MODELe

SATURATION MAGNETIZATION FOR THE MODEL.

MAGNET IC FORCE CONSTANT.

MAGNETIC PERMEABILITY UF FREE SPACE.

DENSITY OF MAGNETIC MATERIAL OF SPHEREo

TOTAL NUMBER OF CURRENT ELEMENTS

INPUT OPTIONe :

A DESCRIPTION OF THE MAGNET CONFIGURATION.
COORDINATES OF THE END POINTS OF THE STRAIGHT LINE
CURRENT ELEMENTS MAKING UP THE COILS.

CURRENT FLOWING IN A LODOP GF FOUR CURRENT ELEMENTS.
MAGNITUDE OF THE CURRENT IN AMPERES,+ FRUM 1 TO 2.
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160

161
163
162
c
112

CURX1 THE TOTAL CURRENT IN THE #X FIELD COIL.

CURX2 THE TOTAL CURRENT IN THE #X GRADIENT COIL.
CURX3 THE TOTAL CURRENT IN THE =X FIELD COIlo
CURX4 THE TOTAL CURRENT IN THE =X GRADIENT COIL.
CURZ1 THE TOTAL CURRENT IN THE +Z FIELD COIL.
CURZ2 THE TOTAL CURRENT IN THE +Z GRADIENT COIL,
CURZ3 THE TOTAL CURRENT IN THE -Z FIELD COIL.
CURZ4 THE TOTAL CURRENT IN THE -2 GRADIENT COIL.

NOTE THAT DOUBLE SUBSCRIPTED VARIABLES SUCH AS XM(I,J) ARE READ IN THE
ORDER XM(191)9XM({291)9XM(391) 9000 9sXM(192)9XM(292)4eecs ETCe UNLESS
SPECIFIED AS IN STATEMENT READ(5,162).

READ(5,164) CONFS

READ(5,4160) XE1yTHETALlyXACLlsVACXMyAF
FDRMAT(3F14o8/3F1498/3F14.8/3F14-8/6F12a6/8F9.5/8F9.5)
READ{54161) CELAyCESBsCDO,CDA2yCMA
READ(591061): CMADyCMTD,CNB,CNBDyCNPSID
READ(54161) XNSyDELT,RHOZEBDoBL
READ(54161) XMINy XMAXyZMINyZMAX,BSTL
FORMAT(5F14.8)

READ(54163) ASTLyBETSTL,ALPSTL,G
FORMAT{4F14,8)

READ(54162) ((VS(1leIN9IM),IM=1,3),yIN=1,2)
READ(S59162) ((VE(LlsJINsKM)9KM=143)9JIN=1,2)
FORMAT(6F12.6)

READ(54112) DA9yAMS o XKT o XMUyRHOT 9L My INPOPT
FORMAT(F5.39F9, 2'2F12011'F60 5¢215)
READ(5,164) CUNFG

C INPOPT=1 CORRESPUNDS TO INPUTING THE CURRENT IN EACH ELEMENTo INPOPT
C =2 CORRESPONDS TO INPUTING THE CURRENT IN EACH LOOP OF FOUR ELEMENTS,

166

IFCINPOPT,EQ>1) GO TO 171

READ(S5y166) (XLINI)yYI(NIIZLANT) 9X2(NIIoY2(NI)Z2(NI)sNI=1,L M}
FORMAT(6F804)

NTM=LM/4
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READ(55165) (CURTU(NT)¢NT=1,NTHM)

165 FORMAT(F10.9)
C ASSIGN CURRENT MAGNITUDES TO EACH CURRENT ELEMENT,.

170
171
910
173

950

KL=~3

KL1=0

DO 170 JT=1,NTM

KL=KL+4

KiLl=KL1+4

DO 170 NTL=KLeKL1

CURINTL)=CURT(JT)

GG T3 173

READ (55,9100 (XL(NDsYLIN)ZLIND) 4 X2{N)sYZ(ND»
FORMAT (6FBo4yF10.0)

READ(5,950) CURX1CURXZ2yCURX3,CURX4
READ(5,950) CURZL,CURZ2,CURZ3,CURZ4
FORMAT (4F10.0)

RETURN

END

Z2(N) s CUR(N) yN=1sLM)
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SUBROUTINE ARGRAV(DA,AMS,XKT!XMU,XtleYl,ZlvXZ,YZ,ZZQCUR,LM,RHDI1A
1X9AYAZHITR)

ARTIFICIAL GRAVITY SUBROUTINE

OO0

DIMENSION X(lOUD,3),SGR(3’,TGR(3)rDP(3),D$(3)0DD(3)7DC(3)vDG(3)0X1
1(500)OYI(503’911(500)1X2(530’9Y2(509’712(500)1CUR(500)1AX(1U00)'AY
2{1000)+A2(1020)

c
XMP=XMU/(4,%36,1416)
c
C INITUALIZE THE VALUES TO BE SUMMED.

BX=,0

BY=J,

BZ=000

AXX=De

BXY=0

BXZ=0o

BYX=0e

BYY=41,

BYZ =0,

BZX=D,

BZY=7,

B11=0,

c
DU 210 L=1,LM
C CALCULATE A,ByCyDyE4AND F

AGR=(X1(L)=-X{ITRy1))/39,37

BGR={(X2(L)-X(ITRs1))1/39,37

CGR=(YL(L)=-X(ITRy2))/39,37

DGR=(Y2{L)-X(ITRy2)) /39,37

EGR=(Z1(L)-X{ITRy3))/39,37

FGR={Z22{(L)}-X(ITR43))/39,37

C SUBSCRIPT AyCyEsByDyF FOR LATER USE

SGR(1)=AGR

SGR(2)=CGR
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SGR(3)=EGR
TGR(1)=BGR
TGR (2 }=DGR
TGR{3)=FGR

C CALCUALTE Uy Vy AND We
UGR=C GR*F GR=-DGR*EGR
VGR=EGR<BGR-FGR*AGR
WGR=AGR#DGR—-BGR*CGR

C CALCULATE RHUl AND RHOZ.
RG1=( AGR%*AGR+CGR®CGR+EGR*EGR ) **, 5
RG2={ BGR¥*BGR+ DGR®* DGR+ FGR¥ FGR ) *¥:,, 5

C CALCULATE THE SUM, PRODUCT, DOT PRODUCT, AND CROSS PRODUCT OF RHO1

C AND RHO2.
RS=RG1+RG2
RM=RG1*RG2
RDR=AGR¥BGR+CGR=*DGR+EGR¥FGR
RXR=UGR+VGR+WGR

C CALCULATE THE DERIVITIVES OF THE SUMy ETCe UF RHU1l AND RHOZ.
DO 220 M=1,3
DP(M)==(SGR(M)*RG2/RGL+TGR(M)*¥RG1/RG2)
DS({M)=—(SGR(M)/RGL+TGR(M)/RG2)
ODD(M)==(SGR(M)+TGR(M))

220 CONTINUE
DC(1)=FGR-EGR+CGR=DGR
DC(2)=EGR~-FGR+3GR-AGR
DC(3)=DGR-CGR+AGR—-BGR

C CALCULATE AND TEST H TO DETERMINE EQUATION FOR G TO BE USED.
H=(RM+RDR}/RM
IF(H=-0.21) 2,1,1

C CALCULATE G AND ITS DERIVITIVES IN THE XsYsZ DIRECTIONS.

1 GGR=R S/ {RM*{RM+RDOR})
DO 230 M1=1,3
DGA=RM=(RM+RDR)%DS(M1)
DGB=RS*{RM:(DP(M1)+DD(M1))+DP {M1)*(RM+RDR))
DG(M1)={DGCA-DGB )/ (RM=(RM+RDR ) }**2

230 CONTINUE
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GO T0 3

GGR=({RS)*(RM=RDR) )}/ {RM*RXR=RXR)

DO 240 M2=i,3

DGA={RS*{ DP(M2)-DD(M2)})+DS{M2)3 ( RM-RDRY} ) *RM¥ R XR¥*2
DGB=RS* (RM-RDR) ¥ { RM*2¢#RXR*DC (M2) 40P (M2 ) *RXR**2)
DG(M2)=(DGA-DGB) / (RM*RXR¥%2) k%2

CONTINUE

C CALCUALTE TH& FIcLD CONTRIBUTIONS OF EACH CURRENT ELEMENT.

3

DGX=DG(1)

.DGY=DG(2)}

DGZ=DG(3)
CURP=XMP#*CUR({L)*100004 /39437
CURM=XMP2CUR(L)*GGR*10000
BX1=CURM*UGR

BZ1=CURM*WGR

BY1=CURM*VGR

C CALCULATE THE GRADIENT CONTRIBUTIONS OF EACH CURRENT ELEMENT.

BXX1=CURP*UYGR*DGX
BXY1=CURP*{GGR¥*( EGR~FGR)+UGR*DGY)
BXZ1=CURP #{GGR*(DGR~CGR ) +UGR*DGZ)
BYY 1=CURP*VGR*DGY
BYZ1=CURP*{GGR*{AGR=-BGR) +VGR*DGZ)
BZZ1=CURP*DGZ*WGR

C SUM THE INDIVUAL CONTRIBUTIONS TO THE FIELD AND GRADIENT TO GET THE
C TOTAL FIELD AND GRADIENTS.

219

BX=BX+BX1
8Y=8Y+8Y1l
BZ=BZ+811
BXX=BXX+8XX1
BXY=BXY+B XYl
BXZ=BXZ+BXZ1
BYY=8YY+BYY1l
BYZ=8YZ+BYZ1
BZZ=B8ZZ+B111
CONTINUE

C CALCULATE AND TEST THE MAGNETIZATION OF THE B0DY FOR SATURATION.
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RB=(BXk%24+BY* %2 +B 742 ) ¥4(ja5
XDK=XKT/DA
AM=(1/DA)*RB
IF(AM=AMS) 10,10,11
C CALCULATE THE FORCES PRODUCEL ON THE BODYe
10 FX=XDK*(BX«BXX+BY*BXY+BZ*%BXZ)
FY=XDK*(BX+BXY+BYXBYY+BZ%BYZ)
FZ=XDK*{BX*BXZ+BY%BYZ+BZ4BZZ)
GO TO 12
C CALCULATE THE COMPONENTS OF THE MAGNETIZATION AT SATURATION.
11 BMY=(BY/RB) ¥AMS
BMX={( BX/RB)*AMS
BMZ=(BZ/RB)*AMS
C CALCULATE THE FORCES PRODUCED ON THE BODY,
FX=XKT=( BMX#BXX+BMY®BXY+BMZ*BXZ)
FY=XKT*{ BMX*B XY +BMY ¥BYY+BMZ*»BYZ)
FL=XKT*(BMX«BXZ+BMY*»BYZ+BMZ*BLZ)
12 CONTINUE

C
AX(ITR)=FX/RHOI
AY{ITR)=FY/RHOI
AZ(ITR)=FZ/RHOI
C

RETURN
END
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c

c
c

"
c

SUBROUTINE TRAJ(XREL 9y XNE 9 XEy THETA9XAC9VAC ¢XM g XNSyDELT 9 SRyDELTHALP
1HABETA,CyAGyVSyVE,TIME,AFyCELA,CESB,CDOyCDA2,CMAyCMAD,CMTDyCNB,CN
2BDyCNPSIDyITRy ITRAyITRByBETSTLyALPSTL #BSTLASTL,yBLy VMAG)

TRAJECTORY SUBRCUT INE

DIMENSION XE(3) s THETA(3) ,XAC{3),VAC(3) 9XM(293),CF(2¢3)9AGI293)+C(2
19393),CS(.3) 9 SN(3) yWXV(2,3) o TIME(LOUU) 965 (293) yACS({1000,2,3),C1(2,3
219C20293),C3(243)9VSH(293) yACSH(243),VS(1000,293) ¢VE(LOO0 92 93 ) » VEH
3(253) y ALPHA(100C) »BETALLU00 ) y XREL (100093 ) o XNE(1UDD43) oCFO(4) 5 AF L4y
44)

CALCULATE THE DYNAMIC PRESSURE AND THE RATES OF ANGLE OF ATTACK AND
SIDE SLIP,
QS=SR*VMAG*x»2
IFUITR.EQel) GO TO 210
ALPHAD={ ALPHA(ITR)-ALPHALITR-1) ) /DELT
BETAD=(BETA(ITRI-BETA(ITR-1))/DELT
GO TO 211
210 ALPHAD=0,
BETAD=Q,

CALCULATE THE INTERFERENCE FORCE AND MOMENT COEFFICIENTS,
211 RV=(XREL{ITRy1)®XREL{UITRy1)+XREL{ITRs2)%XREL(ITRy 2)+XREL{ITR,3)%*XR
LEL{ITRy3) )¥%xGe5
IF(RV.EQG 0.) KRM=]
IF(RVeNEs Do) KRM=4
DO 300 JR=1l,4
CFO(JR) =D,
DO 390 KR=1,KRM
IF(KReEQul) RK=le
IF{KReNEo 1) RK=RV¥**¥{KR-1)
300 CFO(JR)I=CFO(JRI+AF(JR,H,KR)/RK

CALCULATE THE LIFT, DRAG, AND SIDE FORDE COEFFICIENTS,
COE=CDO* (1, +CDA2*(BETACITRI*BETA(ITRI+ALPHACTTRI®ALPHA(ITR) ) )



CES=CFO(L)+BETA(ITR)4CESB
CEL=CFO(2)+CELA*ALPHA(ITR)

C

C TEST FOR STALL AND CALCULATE THE LIFT AND SIDE FORCE AT STALL.
IF(BETA(ITR)oGESBETSTL) GO TO 200
GO TO 201
200 ITRB=1TRB+1
IF(ITRBoEQel) CESSTL=CES
CES=CESSTL-BSTL*(BETA(ITR)-BETSTL }*¥*2
201 IF(ALPHA(ITR)«GE.ALPSTL) GO TO 202
GO TO 203
202 ITRA=ITRA+]1
~ IF(ITRA4EQo1l) CELSTL=CEL
CEL=CELSTL-ASTL*{ALPHA(ITR)=~ALPSTL }*%2

c
C CALCULATE THE FORCE COEFFICIENTS RELATIVE TO THE STORE CsSo

203 CF(1ly1)=(CEL*SIN(ALPHA(ITR))~-CDE*COS(ALPHACITR)})I*COS(BETA{ITR))+C

LES*¥SIN(BETA(ITR))
CF{1ly2)=CDE*COS{ALPHA(ITR) }I*SIN(BETA(ITR) }+CES*COS(BETA(ITR))
CF{1+3)==(CDEXSINCALPHA(ITR) )+CEL*COS{ALPHA({ITR)))

ET

C

C CALCULATE THE MOMENT COEFFICIENTSa
CF(241)=00
CF{243)=(CFO{4)4CNB*BETA(ITR)+CNBD*BETAD+CNPSID®VS(ITRy243))%BL
CF(2,2)=(CFO(3)+CMA®ALPHA(ITR)}+CMAD*ALPHAD+CMTD*®VS(ITRy242) )#BL

OO0

CALCULATE THE ACCELERATIONS DUE TO THE ROTATING STORE CoSe
WXV(1y1)=VS{ITRy2+42)%VS(ITR9yL93)=VSCITR9293) ¥VS(ITRy1,21}
WXV(142)=VSCITRyZ293)=VS(ITRyL91)=VS(ITR9241)5VS(ITRs143)
WXV (193)=VS{ITRy291)%VS{ITRs»192)-VS{ITRy242)FVS(ITRy1,41)

WXV 291 )=VS{ITR 9292} 4%VS(ITRy243 1% {XM{293)=XM(2,2))/XM(2,1)
WXV(292)=VS{ITR22s1)XVS{ITRy2¢3)*{XM(251)-XM(2,3))/XM(2,2)
WXV(2493)=VSUITR9292)%VS{ITR9291)I%(XM(2,2)=XM(2,1))/XM(2+3)



SET

TIMH=TIME(ITR)+DELT/2,

DO 120 NF=1,2
DO 149 MF=1,3
GSINF ¢MF) =2,
DO 130 LF=1y3
C TRANSFER THE MAGNETIC AND GRAVITY FORCES TO THE STORE CeSe
130 GSINFyMF)=GS(NFyMF)+C{NFyLFyMF)FAGINF,LF)

C CALCULATE THE ACCELERATION OF THE STORE IN THE STORE CaSe
ACS(ITR+14NFyMF)=CF(NFyMF)*QS/XMINF ¢ MF)=WXV(NFyMF)+GS(NFyMF)
IF(ITRoEQol) ACS(1sNFyMF)I=ACS (24NFyMF) _

C CALCULATE THE CONSTANTS FOR THE POWER SERIES EXPANSION IN TIME FOR

C VELOCITY (IoEo V=CLl¥T*X2+C2%T+C3 )o
CLINFyMF)=(ACS{ITR+1yNFyMF)-ACS(ITRyNFyMF))/ (DELT*2,)
C2(NFyMF)=ACSUITRyNF s MF)=24%CL{NF yMF)*TIME{ITR)
C3{NFyMF)=VSUITRyNFyMF)=(CLINFyMF)*TIME(ITR)*%2+C2(NFyMF) *TIME(ITR

1))
C CALCULATE THE ACCELERATIUON AND VELOCITY AT THE CENTER OF THE INTERVAL
VSHINFyMF)=CL{NF, MF)*TIMH®¥2+C2 (NFy MF )%T IMH+C3(NFyMF)
ACSHUNF ¢yMF )=2¢*C1 {NFyMF ) *TIMH+C2 (NFy MF)
C USE SIMPSON'S RULE TO CALCULATE THE STORE VELOCITY AND ROTATION RATESe
140 VSUITR+1LyNFyMF)=VS(ITRyNFyMF)+{ACS{ITRyNFyMF ) +4o*¥ACSH(NFyMF)+ACS(1]
LTR+1yNFyMF) )¥DELT6
DO 120 NE=1,3
VE(ITR+14NFyNE)=D0
VEHINFNE)=0o
DO 150 ME=1,3

C TRANSFER VELOCITIES AND ROTATION RATES TO THE EARTH COORDINATE SYSTEM
VE(ITR+L ¢NFyNE)=VEUITR+14NF4NE)+CINFyNEy ME}*VS(ITR+14NF+ME)

150 VEH(NFsNE)=VEH{NF ¢NE)+C(NFyNEyME)*VSH(NF,ME)

C USE SIMPSON'S RULE TO CALCULATE STORE POSITION (SPACI AL COORDINATES

C AND EULER ANGLES)e
IF(NFeEQol) XE(NE)=XE(NE)+(VE(ITRy1yNE)+4e*VEH( L1y NEI+VE(ITR+191yNE

1) )*DELT6
IFINFoEQo2) THETAINE)I=THETAINE)+(VE(ITRy2¢NE) +4o*VEH{ 2, NE)+VELITR+
11,2,NE))*DELT6
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120 CONTINUE
C CALCULATE THE ROTATION MATRIX FOR AXIS ROTATIONe
CALL ROTA(THETA,C)
DO 180 LE=1,3
C CALCULATE THE RELATIVE PUSITION OF STORE CoGe AND NOSE IN THE EARTH
C COORDINATE SYSTEMe
XAC(LE)=XAC(LE)+VAC(LE)*DELT
XREL{ITR+1yLE)=-12%(XAC(LE)-XE(LE))
180 XNE(CITR+LsLE)=XRELIITR+1sLE)+12.+C(L1leLEy1)¥XNS
C
ITR=1ITR+1
C
C CALCULATE THE MAGNITUDE OF THE STORE VELOCITY, STORE ANGLE OF ATTACK,
C AND ANGLE OF SIDE SLIPo
VMAG=(VS(ITRyLyL) k%2 +VS{ITRy19y2)%%k24VS{ITRe1,3)%%2)8%,5
TF(VMAG,EQaNa) GO TO 220
BETA(ITR)I=ARSIN(VSC(ITRy1y2)/VMAG)
ALPHA(ITR)=ARSIN(VS(ITR,1,3)/VMAG)
GO 7O 221
220 BETA(ITR)=0-»
ALPHA{ITR)}=0,
221 RETURN
END



LET

SUBKOUTINE ROTA(THETA,C)
ROTATION MATRIX SUBRCUTINE

C
C
C
DIMENSION C(24343)sTHETA(3),CS{3),SN(3)
C
C CALCULATE TRIG., FUNCTIONS UF THE EULER ANGLESe
DO 100 KT=1,3
SN{KT)=SIN(THETA(KT))
100 CS(KT)=COS{THETA(KT))
C
C CALCULATE THE MATRIX FOR LINEAR VELOCITY TRANSFER.
Cl1l,y141)=CS(2)%CS(3)
C{1,1,2)=SN{1)*SNC2)#CS{3)-CS{1)*SN(3)
Clls193)=CS(L)I%SN{2)*CS{3)+SNC(1)=SN(3)

c
C(ly291)=CS(2)*SN(3)
Cl19242)=SN{1)*¥SN(2)%*SN(3)+CS(1)*CS(3)
C{1+243)=CS(1)*SN(2)*SN(3)=SN{1)*CS(3)
C
Clle341)=-5N(2)
Cl1y392)=SN{2)*LS(2)
C(1,43,43)=CS{1)=CS(2)
C

(C CALCULATE THE MATRIX FOR ANGULAR VELUCITY TRANSFER.
Clzyloli=1,
CU2,192)=SN(L)*(SN{2)/CS(2))
C(25143)=CS{1)x(SN(2)/CS(2))

C
Cl24291)=00
Cl292+2)=CS(1)
Cl24293)==SNI(1)
Cc

ClZ29391)=0,
Cl24342)=SN{1)/CS(2)
Ci{243,+3)=CS5(1)/CS51(2)



RETURN
END

138
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OO0

8l4

815
818
827
828

829
851

852
853
85¢

859
951

952
953
960
970

SUBROUTINE OQUPUT(CONFG9X19Y1l9Z1lyX29Y242Z29CURyLM,CONFS,CURXL,CURX2,
1CURX39yCURX4y CURZL 9CURZ2+yCURZ39yCURZ4 s TIME ¢ XTRyXRy ERRXy IMAXyGES1 ,GES
229 ZETALs2ETA29yTVELyALPHARyXRNsALPHAT s XTRNyERRAL)

QUTPUT SUBROUTINE

DIMENSIGN TIME(1000),XTR(100093)9XR{100C»3)yERRX(10CN,3),GESL1L{1000
1) 4GES2(1000 )4 ZETAL{1J0D )y ZETA2(1000) s ALPHALI( 1000}y XTRN(1900 43) ,ALP
2HAR(1030) 9 XRN{LOUD 93 ) g ERRALILODN ) 3 X1 (500)yY1(500)+21(530),X2(500),
3Y2(500) ,22(530)yCUR(50D ) ,CONFG(18)+CONFS(18}

FORMAT(//7)

FORMAT(/77)

FORMAT(1H1)

FORMAT{24X,10HINPUT DATA) '

FORMAT(2X y 6HX1(IN) 92 X96HYL{IN) 9 2X 96 HZL(IN) 92X 9 6HX20 IN) 92Xy6HY2(IN)
192Xy6HZ2(IN) 41Xy 1OHCURRENT(A))

FORMAT(1X16F8e 49F104,0)

FORMAT(3Xy32HTOTAL CURRENT IN +X FIELD COIL= ¢FlGe0Dy6H AMPSe,3X,35
1HTOTAL CURRENT IN +X GRADIENT COIL= 4F10.0,6H AMPS.) :
FORMAT(3Xy32HTOTAL CURRENT IN =X FIELD COIL= 4F1l0e0y6H AMPSe ¢y3X,35
IHTOTAL CURRENT IN =X GRADIENT COIL= ,F10.0,6H AMPS.)
FORMAT(3X932HTOTAL CURRENT IN #Z FIELD COIL= 4F10eds6H AMPS.¢3Xy35
IHTOTAL CURRENT IN +Z GRADIENY COIL= ,Fl0eDy6H AMPS, )

FORMAT(3X 9y32HTUTAL CURRENT IN =Z FIELD COIL= 4FlGe0s6H AMPSe y3X,35
1HTOTAL CURRENT IN -Z GRADIENT COIL= 4F10e0y6H AMPS.)
FORMAT(24Xy18A4)

FORMAT(17Xy 91HCONSTANT GRAVITY AND ACTUAL TRAJECTORIES FOR WIND TU
INNEL STORE DROP WITH ARTIFICIAL GRAVITY)

FORMAT(17Xy 34HARTIFICIAL GRAVITY CONFIGURATION: ,18A4)

FORMAT(17Xy 20HSTORE CONFIGURATION:918A4)
FORMAT(4X9F603910FBs493F10e4)

FORMAT (4X g THTIME( S) ¢ 2Xe SHXUIN) 93X 9SHYUIN) 93X ¢ SHZ(IN) ¢ 1X9 THG*'S(XZ),
11Xy 7THG ANGLE 93X sSHX{IN) 93Xy SHY(IN) 9 3X95HZ(IN) 91Xy THG® SIXZ) 91X 7THG
2ANGLE ¢3X s THEERRORX 93Xy THZERRORY 3 3Xy THEERRORZ )
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971
972
973
974
980

981
C

FORMAT (20X, 21 HCONSTANT ACCELERATION,27X)6HACTUAL 923X, 18H% TRAJECTO
1RY ERROR)

FORMAT(10F12. 4}

FORMAT (1 X9 THTIME(S) s 7X s L3HANG OF ATTACKyBXySHX(IN)y?XvSHY(IN)97X15
THZCIN) 34X 13HANG OF ATTACKeZXoSHXCIN) 97X SHY (CIN)» 7X)5HZ(IN) » L2HBER
2ROR ALPHA)

FORMAT (12X 40HCONSTANT ACCELERATION NOSE/TAIL PUSITION,24X,25HACTU
1AL NUOSE/TAIL PUSITION)

FORMAT(3Xy22HTUNNEL WIND VELOCITY= 4F9:4,44H FPS)

FORMAT(17X,38H% ERROR IS NIRMALIZED TO STORE LENGTH. )

C OUTPUT THE CHARACTERISTICS OF THE ARTIFICIAL GRAVITY CONFIGURATIONs

C

WRITE(64859) (CONFG(IOC),I0C=1,18)

WRITE(64815)

WRITE(6,814)

WRITE(6,827)

WRITE(b54828)

WRITE(69829) (X1(NL),YLUINL)yZ1INLD)yX2(N1)oY2(N1)sZ2(N1)sCURINL),
IN1l=1,LM)

C OUTPUT THE ACTUAL AND IDEAL TRAJECTORIES AND TRAJECTORY ERRUR Se

WRITE(6,4818)
WRITE(64951)
WRITE(64815)
WRITE(6+4952) (CONFGLJOD),J0=1,+18)
WRITE(69953) (CONFS{KO),KO=1,18)
WRITE{o0,y314)

WRITE(64851)
WRITE(6,852)
WRITE(6,853)
WRITE(64854)
WRITE(6,98L)
WRITE(6,981)
WRITE(64815)
WRITE(64971)
WRITE(6,97%)

CURX1,CURX2
CURX3 yCURX4
CURZ1,CURZ2
CURZ3,CURZ4
TVEL



TvT

WRITE(6996) (TIME(IO),XTR{IUs1) ¢y XTR(I092)4XTRIIO,3),GESL(IU)ZETA
11010} 9XRUIDy1) 9 XRUIO92) 9 XR(ID93)+GES2(10)yZETA2(I0)yERRX{IOy1)yERR
2X{1092)9sERRX{I0y3),10=1, IMAX)

WRITE(64818)

WRITE(6,974)

WRITE(64973)

WRITE(6+972) {(TIME(IN) ) ALPHAICIN) oXTRNCINyL) s XTRNCIN92) 9 XTRN(INy3)
Ly ALPHARCIND) 9 XRNCIN9 1 )9 XRN(INy2) 9y XRN{INy3)yERRAL{IN) ¢ IN=1y IMAX)

RETURN

END



tA AN

TOTAL CURRENTY IN
TOTAL CURRENT IN
TOTAL CURRENT IN
TOTAL CURRENT IN

CONSTANT GRAVITY AND ACTUAL TRAJECYORIES FOR WIND TUNNEL STORE DROP WITH ARTIFICIAL GRAVITY

ARTIFICIAL GRAVITY CONFIGURATION:

STORE CONFIGURATION:

TUNNEL WIND VELOCITY=
X ERROR 1S NORMALIZED TO STORE LENGTHe

TIME(S)

Je0

J.001
0.00L2
24003
0.00¢
0.005
D G06
0.007
0.028
0.009
J.010
U.011
J.012
Jd.013
0.014
0.015
0.016
0.017
Je018
0,019
0.020
0.021
De022
d.023
Je024
0. 025
0.026
2.027
Je028
0,029
2,030
0.031
0.032
0.033
0.034
9.235
0.036
D.037
D.038

e 039

X{IN)

L]
~Je V002
=usCCO7
=2 (Cl5
=Us CC26
=2+CC41
=0( 058
=0 LOBR
=Ce 0104
=0. 0132
=0. 0163
=0.(197
=00 U234
~0e 0275
=06 0319
=0es 0366
“Ue (417
=00 0470
=2 0527
=0s 0588
=0 0651
~Ce 0718
=00 0786
=0eCB6L
=Qs 0937
=0,1017
=0+ 1100
=0 1166
~0s1275
=0 1308
=0e 1464
~0s 1563
~0s 1666
-Ne 1772
=0+ 1880
=0e 1992
=Us 2106
-Ce2223
=06 2344
=0e 2468

4X FIELD COIL=
=X FIELD COIL=
41 FIELD COIlL=
=2 FLELD COILe

Os AMPS,
Qs AMPS,

4550L00s AMPS,
4550000, AMPS.

500,030 FPS

CONSTANT ACCELERATION

YUIN)
0.9

s J0C0
e &QWV
CGe 2001
0,003
J¢00C4
e 0OOG6
0e 2009
049011
042015
0e 0016
0.0022
0. 0026
0.0031
0.0036
00041
0.0047
Qs 3052
0.0058
00065
Vs 0071
062078
Vs 2CB4
30091
0.,92098
0.21C5
CeO1ll3
0.9120
Ge127
042135
0ad142
0.0149
Js D156
Qs V164
0.0171
0.0178
0.0184
040191
0.v198

Le D204,

Z(IN)
1.509
1.5020
le5281
le 5181
105322
145503
105724
1.,5985
1. 6286
146627
le7008
1o 7430
1. 7891
16 8392
108933
le 9514
240135
200796
2e1497
252237
2.3018
203838
244698
245597
246537
27516
2. 8535
249593
3.0691
3.1829
3.3000
304223
35489
346775
3.8111
343486
440900
442353
4s 3846
405373

G'SIXZ)
10.4805
1064805
10. 4895
104805
1044805
10.48C5
10. 4805
10+ 4805
10,4805
10,4805
104805
10. 4805
10,4805
1044805
10.4805
10,4805
10,4805

3¢ 4805
10.4805
10,4805
lue 4895
1064805
1044805
104805
10, 4805
10,4805
10,4805
1Je4805
10,4805
1U.4805
10,4895
1944805
10.48C5
10,4895
10.4805
13, 4805
10.48CS
154895
1J.48uU5
10,4805

G ANGLE
0.0
0.0
0e 0
Oe 3
0.0
0. 0
0.0
0.0
20
0ol
Qe 0
2:0
0e 0
0e0
o.(’
Je 0
Ve 0
3.0
0.0
0.0
0.0
0.0
0.0
0.0 °
0.0
o.o
0.0
Q.0
0.0
V.0
Q.0
2.0
0s0
Ce0
20
YY)
Q0.0
0.C
9.0
0.0 _

TOTAL
TOTAL
TOTAL
TOTAL

XCIN)
0.0

-0,u002
-0,0007
-0,0015
-3,0026
=040041
-0,0056
=340080
=0, 0104
-040132
-20163
-0, 0197
=1,0234
=040275
-0,0319
-7, 0366
=240417
=04 0470
-0.0527
~0s 2588
-2+ 0651
-2.0718
-0,0788
-0.0861
-0.0937
~0e1017
~0e 1100
-0,1186
~041276
-G.1368
“Uel4b4
-0.1563
=Je 16606
-0.1772
-0, 1880
-0.1992
-3. 2136
-0.2225
~0.2346
~Ce 2470

CURRENT
CURRENT
CURRENT
CURRENT

Y(IN)
LeC
040002
04000)
0., 0001
0.0002
00004
0. 0006,
0e0009
0,001
0« 0015
0.0018
0. 0022
00025
Ue 0031
0.,0036
040041
06 0047
e 0052
0.,0058
0e 0065
0e071
U« 0078
Ve 0084
060991
0. 0098
0e 0105
0s0113
0.0120
0.0127
0.0134
0.0142
Ge 0149
0. 0156
CeCl64
Cet'171
eQ179
Ve (180
0.019i
0.C198

00204

IN +X GRADIENT
IN =X GRADIENT
IN +2 GRADIENT
IN =2 GRADIENT

ACTUAL
Z(IN)
1.50C0
145020
15081
le5181
le5322
1e5503
15724
1.5985
1le6286
le 6627
l.7008
167430
1.7891
18392
18933
le9514
20135
20796
201497
242238
23018
2,3838
244698
205598
206538
267517
248536
249595
3.0693
341831
3.32009
304226
05482
346779
3.8114
349490
44 G904
4e2358
4e3852

495385 1044931_~0,0270

G*SIXZ}
10. 4805
1044805
10.4805
10e 4806
104807
10,4808
10. 4808
1044809
10,4812
1044613
1044814
10,4816
10.48618
10+ 4820
1Ce 4823
10. 4825
10,4828
1Ue 4831
10+4835
10, 4838
104841
104845
10 4849
10+4853
104 4857
1064862
10. 4866
10,4870
104875
1044680
10,4885
10,4892
10. 4894
1044900
1G¢ 4905
10+ 4910
10.4915
1044921
13.4526

STORE Sample Output-Trajectories

EIGHT ORTHOGINAL HELMHOLTZ COILS»
TEST THREE Of DEBUG~-MODEL OF 15 FTe STIRE

COlL=
COIL=
COlL=
COIL=

G ANGLE
0.0
=0, 0000
=0+0001
=0« 0002
~0.0003
~0e00C5
=Ce 0006
=0.0009
=0.0011
~0.0014
~0.0018
=040021
=Le J025
=0+0030
=0+0035
~04004C
=04 0045
=Us JO51
=00057
=0,0064
~0.0070
~0be0078
~040085
=C.0093
=Ce01C1
=0D.0110
=0.G119
=0s 0126
-0.0138
~0eGl68
=0.0159
=060169
=0eC181
~Ce0192
-0s0204
=0.0G216
-0e0229
=0+0243
~Ge 0256

Oe

o.
4165000,
=4165000.

AMPS.
AHMPS.
AMPSe
AMPS,.

SUPERCONDs {ORTHB=5.4)

% TRAJECTORY ERROR

SERRORX
o.o
0.0

=0+0000
0.0
0.0
0.0
o.o
0e0
0.0
0e0
o.o
0.0
0.0
0.0
0.0
0.0
o.o
0.0
o.o
0e0
0e0
060
Oe0
0e0
Cel
062301
0.0001
GeCOC)
0e 0091
0e 0001
0.0001
Ce0002
Cs0002
0.0
Ce0
069
0,0010
00010
0.0010
Ca0010

SERRORY
0.0
040000
040000
0.0000
0.0000
040000
00000
0.0000
040000
040000
040000
040000
0. 0000
0.0000
00039
040000
040000
0. 0000
042000
040000
040000
060000
0.0000
040000
0. 0000
000000
00000
060009
00000
0.0000
29,0000
0.0000
000009
0.,0000
040009

=040000

=0+009%0

-09099

-0« 0000

046002

XERRORZ
0.0
0.0
0e 0

=0.0000

=2 00030

=04 0000

~0, 0000

=0.0000

=0.,0000

=04 0000

=0s 0000

=0,0000

~0, 0000

=0.0001

=0.0001}
=0.0001
~0,0001
=0.0001
=0.0002
=0.0002
=~0.0003
=0.0003

=+ 0004

=040004

~2¢ 0005

=0.0006

=0,0007
~000008
=-0,0009
~0s0011

-0.0012

~0,0014

=0.0016
=2,0018

=J. 0020

=J. 0022

=0.,0025

-0.0028

=0+0031

=0.0034



10.
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